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LOVE ME LITTLE, LOVE ME LONG
ANONYMOUS, 1570
Love me little, love me long,
Is the burden of my song.
Love that is too hot and strong
Burneth soon to waste.
Still, I would not have thee cold,
Not too backward, nor too bold;
Love that lasteth till tis old
Fadeth not in haste.
Love me little, love me long,
Is the burden of my song.
If thou lovest me too much, It will not prove as true as touch; 
Love me little, more than such,
For I fear the end.
I am with little well content,
And a little from thee sent
Is enough, with true intent
To be steadfast friend.
Love me little, love me long,
Is the burden of my song.
Say thou lov’st me while thou live; I to thee my love will give, 
Never dreaming to deceive
Whiles that life endures.
Nay, and after death, in sooth,
I to thee will keep my truth, 
As now, when in my May of youth;
This my love assures.
Love me little, love me long,
Is the burden of my song.
Constant love is moderate ever, And it will through life persever;
Give me that, with true endeavor
I will it restore.
A suit of durance let it be,
For all weathers that for me,
For the land or for the sea,
Lasting evermore.
Love me little, love me long,
Is the burden of my song.
Winter’s cold, or summer’s heat, Autumn’s tempests on it beat, 
It can never know defeat,
Never can rebel.
Such the love that I would gain,
Such the love, I tell thee plain,
Though must give, or woo in vain; 
So to thee, farewell!
Love me little, love me long,
Is the burden of my song.
 
CHAPTER 1
GENERAL INTRODUCTION
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-If thou lovest me too much
-It will not prove as true as touch
(Love me Little, Love me Long; Anonymous, 1570)
True as touch? When seeing something you do not believe, generally you touch it to make sure it 
is really true what you see. In this thesis I will investigate how the information that is collected 
by the touch organs in your fi ngertips is processed, mainly using different variations of the haptic 
search paradigm. 
Imagine trying to fi nd a pen in your bag without looking at what you are doing. You will go around 
the objects in your bag, touching them one by one until you fi nd something that feels like a pen. 
To be able to recognize a pen being a pen you have to integrate all sorts of information. A pen 
has a smooth surface, has a round and long shape and has a pointy end. Also the material of the 
pen is important, for example when it is made of metal, you feel the coldness of the material. 
Not only do you need to integrate all these sorts of information into one object, you also have to 
integrate the information that is collected by your individual fi ngertips, taking into account what 
their positions are relative to each other and relative to the object you are touching. Although 
this might sound like a very complex task, we do it every day without even thinking about it. 
VISUAL SEARCH
A lot of research has been conducted on visual perception and visual search is an important 
paradigm to investigate how visual information processing works. In this section I will explain the 
important theories in visual search and visual information processing. 
Imagine picking up your sister from the train station during peak hour. The station is crowded 
with people who all look more or less the same. Your sister wears a black coat and has blond hair. 
It will be terribly diffi cult to fi nd her in the crowd. You probably look at everyone with a black 
coat and blond hair to check whether it is her. However, today she decided to wear a very unique 
bright pink with yellow jacket. You don’t even have to look around, when she enters your visual 
fi eld you’ll notice her immediately.
In the psychological literature this effect is called the “pop-out effect” (e.g. Brown, Weisstein, & 
May, 1992; Connor, Egeth, & Yantis, 2004; Hancock & Phillips, 2004; Luschow & Nothdurft, 1993; 
Muller, Reimann, & Krummenacher, 2003). When an object has certain characteristics that other 
objects in the surrounding do not have, it is very easy to fi nd this object. However, when all other 
objects have a certain characteristic and the object you need to fi nd does not, or when there is a 
conjunction of different features present in the target, you will have to check every single object 
(Treisman & Gelade, 1980; Treisman & Gormican, 1988). In fi gure 1-1 you see a simplifi ed version 
of this idea: the task in fi gure 1-1A is to fi nd the light grey circle in between the black circles, and 
in fi gure 1-1B you have to fi nd the circle without a gap between the circles with gaps. Although 
the distractor circles are the same in both fi gure 1-1A and B, you fi nd the target much faster in 
fi gure 1A then in fi gure 1-1B. In the latter you have to check every item one by one to be able to 
fi nd the circle without the gap. Increasing the number of items in such a display increases the 
time that it takes to detect a target, unless (like in fi gure 1-1A) it has a characteristic feature 
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that the other items do not have. In the latter case search time is independent of the number of 
items. Examining the extent to which increasing the number of items infl uences detection time 
can therefore be used to identify what we can consider to be characteristic features in vision. If 
the target possesses a feature that the distractors do not have, the search time is independent 
of the number of distractors; the search process is parallel (all items are processed at the same 
time). You only need to pay attention to the colour of your sisters jacket (bright pink), and as 
soon as there is one in your visual fi eld you will notice it immediately. However, if the difference 
between target and distractors is more complicated, for example a conjunction of blond hair 
and a black coat, each item has to be checked to determine whether the features are present; 
the search process is serial. For example, when searching for someone in a crowd with similar 
clothes is a serial process, it will take longer to fi nd someone the more people are surrounding 
this person. However when this person wears something characteristic, which the other people 
in the crowd do not wear, it will take about the same time to fi nd this person, independent of 
the amount of people in the train station.
The above example describes search behaviour as predicted by Treisman and Gelade’s (1980) 
‘Feature Integration Theory of Visual Attention’. This theory states that simple features are 
registered in parallel and objects are perceived by ‘gluing’ these features together through 
directed spatial attention. An implicit assumption in this theory is that a display can be described 
in terms of simple features. If the target differs in simple features from the distractors the 
search process is parallel, otherwise it is serial. 
An infl uential alternative is based on stimulus discriminability. It states that “diffi culty of 
search increases with increased similarity of targets to non-targets and decreased similarity 
between non-targets, producing a continuum of search effi ciency” (Duncan & Humphreys, 1989). 
Irrespective of non-target similarity, as long as the similarity between target and non-target 
is suffi ciently low, the search time is independent of the number of items. Even increasing 
target-non-target similarity has relatively little effect when non-target similarity is maximal 
(identical non-targets). However, when non-targets match the target template, search effi ciency 
will degrade.
Wolfe, Cave, & Franzel (1989) suggest that features are processed in parallel and that the 
effi ciency of the search process is a function of the quality of the guidance provided by the 
parallel processes. When the differences between target and distractor are not very large, you 
will make errors due to noise in the parallel maps, and a serial stage has to examine these 
incorrect items. The presence of a unique feature generates a strong signal that quickly exceeds 
the background noise, and search times are independent of the number of distractors. 
What most of these theories in visual search have in common is that there are certain characteristics 
of objects that are very important in the quick recognition of such an object. There are many 
examples of characteristics for which this holds in visual perception, for example colour, shape, 
orientation and size (e.g. Brown, Weisstein, & May, 1992a; Joseph, Chun, & Nakayama, 1997; 
Julesz, 1984, 1986; Maioli, Benaglio, Siri, Sosta, & Cappa, 2001; Nakayama & Silverman, 1986; 
Palmer, 1994; Quinlan & Humphreys, 1987; Treisman & Gormican, 1988;  Wolfe & Horowitz, 
2004).
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A
B
Figure 1-1. Two visual search displays. (A) In this display a circle with a different colour  has to be found. This is considered 
to be a parallel search process: it does not matter how many distractors you put in the display, similar search times are 
found. (B) In this display a full circle has to be found. This is considered to be a serial search, as you have to scan every item 
to check whether there is a gap present. The more distractors there are in the display, the higher the search times will be. 
TOUCH AND HAPTICS
The skin is well known to be the largest organ in the human body. This does not only apply to the 
exterior surface, but with about 15% of the total body weight, it also weighs more than any other 
single organ. There are two types of skin: glabrous (hair free) and hairy skin, most of our body is 
covered with hairy skin, but for example the palms of our hands, or soles of our feet are covered 
with glabrous skin (Kanitakis, 2002). The focus in this section is on glabrous skin, because the 
part of your fi ngers with which you actively touch objects also has this type of skin. The glabrous 
skin consists of three mayor tissue layers, the epidermis, the outer layer, the dermis, the inner 
layer and subcutaneous fat. The epidermis consists of four layers of cells and is a renewal system. 
Its cells are constantly replaced by the stem cells of the basal layer. In the epidermis, a few 
special cells are present: the Langerhans cells and the melanocytes. The Langerhans cells are 
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part of the immune system, and can initiate a protective response to antigens introduced to the 
skin. The melanocytes are taking care of light-protection with the distribution of melatonin. 
The dermis lies between the epidermis and the underlying subcutaneous tissue. The epidermis 
and the dermis are interconnected via a series of papillary folds, which give rise to the externally 
visible fi ngerprint structure. The main functions of the dermis are the nourishment of the 
epidermis and forming a strong supportive structure.  It contains two layers, the papillary and 
the reticular layers. The lower, reticular layer contains relatively few cells, mostly fi broblasts, 
which form collagen fi bers that account for the tensile strength of the skin, and elastic fi bers 
that restore the skin after deformation. The dermis and underlying subcutaneous tissue also 
contain the four different mechanoreceptors: the Meissner corpuscles, Ruffi ni endings, Merkel 
cell neurite complexes and Pacinian corpuscles, which will be described in the next paragraphs.
MECHANORECEPTORS 
Four separate types of tactile afferents are present in the glabrous skin of the human hand 
(Goodwin & Wheat, 2004; Johnson, 2001). These are known a SA I (slowly adapting type I), FA 
I (fast adapting type I), FA II (fast adapting type II) and SA II (slowly adapting type II). Although 
all populations respond to mechanical stimulation, they may be differentiated using several 
criteria. Each type of afferent fi ber is associated with a specifi c type of ending. In human, 
glabrous skin, SA I afferents end in Merkel disks, SA II afferents in Ruffi ni endings. FA I afferents 
in Meissner’s corpuscles and FA II in Pacinian corpuscles. In fi gure 1-2 a cross section of the skin 
with the mechanoreceptors is shown. 
MERKEL-SA I AFFERENTS
SA I afferents innervate the skin densely (about 100 per cm2 at the fi ngertip), and they respond 
to sustained indentation with a sustained, slowly adapting discharge that is linearly related to 
indentation depth. They have two remarkable response properties. First, they are very sensitive 
to points, edges and curvature. Second, SA I afferents have a spatial detail of 0.5 mm, although 
their receptive fi elds have a diameter of 2-3 mm. Therefore, SA I afferent fi bers transmit an 
acute spatial neural image of the tactile stimulus (Johnson, 2001).
MEISSNER’S-FA I AFFERENTS
Meissner afferents innervate the skin even more densely (about 150 per cm2) than the Merkel 
afferents. They are insensitive to static skin deformation, and they are four times more sensitive 
to dynamic skin deformation than SA I afferents. Unlike SA I afferents, they respond to stimuli 
over their entire receptive fi elds (3-5 mm in diameter) with relative uniformity and therefore 
resolve spatial detail poorly.  Because of this wide uniform sensitivity, FA I afferents transmit a 
robust neural image of skin motion. They are responsible for the detection and discrimination 
of low frequency vibration. Moreover, they are responsible for detecting slip between skin and 
an object held in the hand. They are also most effective at signaling sudden forces that act on 
objects held in the hand. Considering the importance of holding objects in your hand in daily 
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life, the most important function of this type of afferent seems to be the provision of feedback 
signals for grip control (Johnson, 2001).
Figure 1-2. A cross section of the skin. The four mechanoreceptors are shown. (Adapted from Kandel, E.R. & Schwartz, J.H. 
(1985). Principles of Neural Science, Second Edition. Elsevier Science Publishing Co., Inc., New York.)
PACINIAN-FA II AFFERENTS
Pacinian-FA II afferents terminate in single corpuscles that are distributed throughout the palm 
and fi ngers (about 350 per fi nger and 800 in the palm).They are extremely sensible, the most 
sensitive one responds to 10 nm of skin motion. Because of their extreme sensitivity and the 
deep locations of their receptors, they have almost no spatial resolution. The receptive fi eld of 
an afferent of an Pacinian corpuscle might include an entire hand (Johnson, 2001).
RUFFINI- SA II AFFERENTS
The Ruffi ni SA II afferents innervate the skin less densely than either SA I or FA I afferents. 
Their receptive fi elds are about fi ve times larger, and they are about six times less sensitive 
to skin indentation, but they are about two to four times more sensitive to skin stretch than 
SA I afferents. They signal skin stretch more effectively than SA I afferents and with much less 
interference by stimulus features within their receptive fi elds. Therefore, SA II afferents transmits 
a neural image of skin stretch to the central nervous system with relatively little interference 
from objects held in the hand. Because these afferents are not found in the non-human primate 
hand, they are not studied extensively (Johnson, 2001).
.. 16 ..
Chapter 1
CORTICAL PATHWAYS
The anatomy of the somatosensory system has the same organizational principle common to 
all sensory systems: sensory information is processed in a series of relay stations in the brain. 
There are only two synaptic relay sites between sensory receptors in the skin and the cerebral 
cortex: the medulla and the thalamus (fi gure 1-3). Mechanoreceptors in the skin send afferent 
nerve fi bers to the dorsal root ganglion neurons, which lie on the dorsal root of a spinal nerve. 
They project to the caudal medulla, where they terminate in the gracile or the cuneate nuclei. 
These second order neurons project directly to the contralateral thalamus, terminating in the 
ventral posterior lateral nucleus. The third order neurons in the thalamus send axons to the 
primary somatosensory cortex (SΙ), located in the postcentral gyrus of the parietal lobe (Figure 
1-3). In the somatosensory cortex  all body parts are represented according to their degree of 
innervation. For example the representation of the fi ngers is larger than the representation for 
the hand (Figure 1-4).
The primary somatosensory cortex (SΙ) contains four areas: Brodmann’s areas 3a, 3b, 1 and 2. 
Most thalamic fi bers terminate in areas 3a and 3b, and the cells in areas 3a and 3b project their 
axons to areas 1 and 2. Thalamic neurons also send a small projection directly to Brodmann’s 
areas 1 and 2. These four areas differ functionally. Areas 3b and 1 receive information from 
receptors in the skin, while areas 3a and 2 receive proprioceptive information from receptors in 
the muscles and joints. However, the four areas of the cortex are extensively interconnected, 
so that both serial and parallel processing are involved in higher order elaboration of sensory 
information. 
The secondary somatosensory cortex (SΙΙ), located on the superior bank of the lateral fi ssure, is 
innervated by neurons from each of the four areas of SΙ. The projections from SΙ are required for 
the function of SΙΙ. The SΙΙ cortex projects to the insular cortex, which in turn innervates regions 
of the temporal lobe believed to be important for tactile memory. Finally, other important 
somatosensory cortical areas are located in the posterial parietal cortex (Brodmann’s areas 5 
and 7). These areas receive input from SΙ as well as input from the pulvinar and thus have an 
associational function. They are also connected bilaterally through the corpus callosum. Area 
5 integrates tactile information from mechanoreceptors in the skin with proprioceptive inputs 
from the underlying muscles and joints. This region also integrates information from the two 
hands. Area 7 receives visual as well as tactile and proprioceptive inputs, allowing integration of 
stereognostic and visual information. The posterior parietal cortex projects to the motor areas of 
the frontal lobe and plays an important role in sensory initiation and guidance of movement.
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Figure 1-3. The cortical pathways of tactile and proprioceptive input. (Adapted from Kandel, E.R. & Schwartz, J.H. (1985). 
Principles of Neural Science, Second Edition. Elsevier Science Publishing Co., Inc., New York.)
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Figure 1-4. The somatosensory homunculus: the representations of the body parts in the somatosensory cortex. (Adapted 
from Kandel, E.R. & Schwartz, J.H. (1985). Principles of Neural Science, Second Edition. Elsevier Science Publishing Co., 
Inc., New York.)
FINGER REPRESENTATIONS IN SI AND SII
fMRI research revealed separate representations for all fi ve fi ngers in the primary somatosensory 
cortex (SI). Representations are present in Brodmann’s area 3b, 1 and 2. In Brodmann’s area 3b 
a somatotopic map of the fi nger arrangement was found whereas in Brodmann’s area 1 and 2 a 
greater number of overlapping activation was found, indicating overlapping receptive fi elds. Also 
in this area a partly reversed ordering of neighboring fi ngers was found, suggesting a less distinct 
somatotopic arrangement (Kurth et al., 2000). There are also fi ndings that in the secondary 
somatosensory cortex (SII) the representations of the fi ngers are separate (Hari et al., 1990). 
However, there is also some evidence that the posture of the hands can modulate the fi nger 
representations in SII (Hamada & Suzuki, 2005). Moreover, evidence is found that there is strong 
and symmetric overlap of fi nger representations for both hands in SII and a weaker functional 
overlap for fi ngers of the same hand in SI (Simoes et al., 2001). 
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HAPTIC SEARCH: A TOOL TO INVESTIGATE TOUCH AND 
PROPRIOCEPTION
There is a lot of knowledge about the anatomy of the somatosensory system. However, how 
haptic perception is taking place is not very clear yet. Gibson (1966) defi nes the haptic system 
as the sensibility of the individual to the world adjacent to his body by use of his body. The 
haptic perceptual system is unusual in that it can include the sensory receptors from the whole 
body and is closely linked to the movement of the body so can have a direct effect on the world 
being perceived. Vision and haptics are in that sense very different systems. In haptics you 
have interaction with the outside world, while vision has a passive way of registering the world. 
Moreover, one could say that the visual system uses two large receptors, that perceive a much 
large part of the surroundings than the physical surface of the receptors. The haptic system 
uses 10 very small receptors, which perceive the same amount of surroundings as the size of the 
receptors.  However, there might be some similarities in processes to perceive objects.
To investigate how the haptic system processes information gathered by the fi nger pads, the 
paradigm that is used in most of the experiments in this thesis is the haptic search paradigm. The 
search paradigm has already proven to be a very useful tool to investigate how visual information 
processing works (see paragraph ‘Visual Search’ above). In haptics we try to closely match this 
paradigm to the visual search paradigm. However, we can also modify the search paradigm to 
more specifi c question about the haptic system.
There are several of those questions to be addressed in this thesis. Are the search mechanisms 
found in visual search comparable to haptic search? Has proprioception a large infl uence on 
haptic search? Does active touch differ from static touch when searching for a target between 
distractors? Are there differences between using one or multiple fi ngers or even between using one 
or two hands? And does fi nger confi guration have any infl uence on perceiving tactile stimuli?
OUTLINE OF THE THESIS
To investigate how the touch sense handles information collected by the different fi ngertips, 
several experiments were conducted. In chapter 2, a model is proposed that distinguishes between 
parallel and serial processing across the fi ngers. To test this model, participants performed three 
haptic search experiments, in which a target and distractors were presented to the fi ngertips of 
healthy participants. 
In a haptic search tasks as described above, separate items are presented to individual fi ngertips. 
The time to fi nd a specifi c item generally increases with the number of items, and thus with the 
number of fi ngers. Is it the number of items or the number of fi ngers that determines search 
time? To fi nd out, we conducted a second study in which tactile horizontal line stimuli were 
presented to the participants’ fi ngertips. In one condition of the experiment, participants felt 
under each fi nger a separate item, and in two other conditions they had to adjust their fi ngers to 
one larger item. This study is described in chapter 3.
In chapter 4 the infl uence of movement and the use of multiple fi ngers on the perception of 
small tactile stimuli is studied. Two haptic serial search tasks were used to investigate how the 
separation between items, and the number of fi ngers used to scan them, infl uence the search 
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time and search strategy. In both tasks participants had to search for a target (cross) between a 
fi xed number of non-targets (circles). 
In chapter 5 a study with more natural stimuli is described. To investigate how well people are 
able to combine tactile and proprioceptive information, we conducted a haptic search task in 
which participants had to search for either a cylinder, a bar or a rotated cube amongst cubes with 
either one fi nger, the whole hand or two hands.
To further investigate the infl uence of fi nger position on touch perception a last experiment 
was conducted. In this experiment participants had to localize a near treshold tactile stimulus 
that was applied to one of their fi ngertips. The position of the fi ngers was varied in three 
confi gurations: fi ngers together, fi ngers spread apart and fi ngers interwoven. This experiment is 
described in chapter 6.
Finally in chapter 7, I will discuss the results of chapters 2 to 6 in a more general way and 
combine the results into a general model about the use of the fi ngers in touch perception.

CHAPTER 2
PARALLEL AND SERIAL SEARCH IN HAPTICS
Overvliet, K.E., Smeets, J.B.J., Brenner, E. (2007) Parallel and Serial Search in Haptics. Perception 
& Psychophysics, 69(7), 1059-1069.
We propose a model that distinguishes between parallel and serial search in haptics. To test 
this model, participants performed three haptic search experiments, in which a target and 
distractors were presented to their fi ngertips. They indicated either a target’s presence by lifting 
the corresponding fi nger, or its absence by lifting all fi ngers. In one experiment the target was a 
cross and the distractors were circles. In another the target was a vertical line and the distractors 
were horizontal lines. In both cases we found a serial search pattern. In a fi nal experiment the 
target was a horizontal line and the distractors were surfaces without any contours. In this case 
we found a parallel search pattern. We conclude that the model can describe our data very 
well. 
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INTRODUCTION
Visual search experiments have been very successful in providing insight into how visual 
information processing works. Much less is known about haptic information processing. Haptic 
search may help us to fi nd out how haptic information is processed. 
Lederman and Klatzky (1997) did several search experiments in the haptic domain. They 
investigated which haptic properties are available for haptic processing relatively early after 
initial contact by presenting different kinds of stimuli to their participants’ fi ngertips. They 
divided their stimuli in four dimensions. First, they tested the material dimension: roughness, 
hardness and warmness of the material. Second, they tested ‘abrupt-surfaces discontinuities’: 
fi nding a raised bar among fl at surfaces or searching for a deep hole between shallow holes. Third 
they tested relative orientation: the target had a different orientation than the distractors. Last, 
they investigated continuous 3-D surface contours: the difference between target and distractors 
was in slant or curvature. Material and ‘abrupt-surface discontinuities’ produced low search 
function slopes, indicating more or less parallel search. Relative orientation and continuous 3-D 
surface contours produced relatively steep slopes, indicating serial search.
However, the results of Lederman and Klatzky (1997) do not match the typical results found in 
visual search experiments. For example, in the target absent conditions they do not fi nd a slope 
that is twice as high as the target present slope (Treisman & Gelade, 1980). They also do not 
fi nd similar search times for target present and target absent when there is only one item in the 
display as is found in visual search (Mori & Kataoka, 2004; Saarinen, 1995; Treisman & Gelade, 
1980).
Is haptic search different from visual search? The way of perceiving is certainly different, in 
haptic search the number of stimuli presented are the same as the number of sensors (the 
fi ngertips) and in visual search different numbers of stimuli are presented to at most 2 sensors 
(the retina of both eyes). Are the underlying processes also different?  In visual search, increasing 
the number of items in a display increases the time that it takes to detect a target, unless it 
has a characteristic feature that the other items do not have (Treisman & Gelade, 1980). In the 
latter case search time is independent of the number of items. Examining the extent to which 
increasing the number of items infl uences detection time can therefore be used to identify what 
we can consider to be characteristic features in vision. If the target possesses a feature that 
the distractors do not have, the search time is independent of the number of distractors; the 
search process is parallel. If the difference between target and distractors is more complicated, 
each item has to be checked to determine whether the feature is present; the search process is 
serial.
For example, when searching for a red pencil between blue ones, the target-pencil possesses a 
characteristic simple feature that the distractors do not posses (the colour red), so it does not 
matter how many blue pencils there are around, it will take about the same time to fi nd the red 
pencil. In contrast, searching for the one pencil with a broken point between sharpened pencils 
takes longer the more pencils are present; it can only be found by serial scanning. 
The above reasoning describes the search behaviour as predicted by Treisman and Gelade’s 
(1980) ‘Feature Integration Theory of Visual Attention’. This theory states that simple features 
are registered in parallel and objects are perceived by ‘gluing’ these features together through 
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directed spatial attention. An implicit assumption in this theory is that a display can be described 
in terms of simple features. If the target differs in simple features from the distractors the 
search process is parallel, otherwise it is serial. There are many examples for which this holds in 
visual perception (e.g. (Brown et al., 1992a; Joseph et al., 1997; Julesz, 1984, 1986; Maioli et 
al., 2001; Nakayama & Silverman, 1986; Palmer, 1994; Quinlan & Humphreys, 1987; Treisman & 
Gormican, 1988; Wolfe & Horowitz, 2004), but there are some conditions in which models do not 
fi t precisely, leading to modifi cations.
An infl uential alternative is based on stimulus discriminability. It states that “diffi culty of search 
increases with increased similarity of targets to non-targets and decreased similarity between non-
targets, producing a continuum of search effi ciency” (Duncan & Humphreys, 1989). Irrespective 
of non-target similarity, as long as the similarity between target and non-target is suffi ciently low, 
the search time is independent of the array size. Even increasing target-non-target similarity has 
relatively little effect when non-target similarity is maximal (identical non-targets). However, 
when non-targets match the target template, search effi ciency will degrade.
Wolfe, Cave, & Franzel (1989) suggest that features are processed in parallel and that the 
effi ciency of the search process is a function of the quality of the guidance provided by the 
parallel processes. Due to noise in the parallel maps, a serial stage has to examine incorrect 
items, if the differences are not very large. The presence of a unique feature generates a strong 
signal that quickly exceeds the background noise, and search times are independent of the 
number of distractors. Both these modifi cations become relevant when it is diffi cult to distinguish 
the target from the distractors. Performance is then intermediate between purely serial and 
parallel predictions.
The value of all such theories is that they can be used to develop quantitative models of human 
performance. In this paper we propose a model for haptic search with a clear distinction 
between a serial and a parallel search pattern. In this model we assume that we are certain 
about the relevant units, and therefore the number of items. In our haptic search experiment 
each item has its own sensor, it is presented to a separate fi ngertip, so determining the number 
of items is quite straightforward. We consider this to provide optimal conditions for testing the 
model’s validity. The extent to which the model can be applied to search in other modalities or 
under different conditions remains to be seen. We use clearly discriminable stimuli because the 
distinction between parallel and serial search should be clearest for such stimuli. The model is 
explained in the section below.
MODEL
Serial and parallel search do not only differ in the increase of time that it takes to fi nd the target 
when more items are present. They are also associated with different relationships between 
the response times in the target present and target absent condition. In serial search, when the 
target is present, the target will on average be found after scanning half of the distractors; the 
‘effective’ number of items scanned is thus 1.5, 2.5, and 3.5 for 2, 4, and 6 items in the display. 
In the target absent condition all items have to be scanned to be sure that there is no target 
present. So the effective number of items equals the total number of items. As a result of this, 
the slope of the search function in the target present condition will be half the magnitude of 
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that for the target absent condition. The resulting search functions are shown in the left panel of 
Figure 2-1. The serial search model is a single linear regression if the search time is expressed as 
a function of the effective number of items, including both target present and absent conditions. 
In order to conform to the tradition in the search literature, we will report the slope for the 
‘target-present’ trials in terms of the total number of display elements for our fi t of the serial 
search model. This slope is by defi nition half of the slope in the ‘target-absent’ case or half of 
the slope in terms of the effective number of items. This results in the following search functions 
with slope s (increase in time per item) and intercept t1 (time for one item). These parameters 
are the same for the target present (1) and target absent (2) conditions:
    RT (n) = t1 + n −1( )s     (1)
    RT (n) = t1 + n −1( )2s     (2)
In parallel search the slope of the search function in the target present condition is zero. The 
search time stays the same, no matter how many items there are in the display. The distribution 
of reaction times is by defi nition the distribution for one fi nger. However, in the target absent 
condition the search times will go up a little in a non-linear way with the number of items. The 
reason is that the search time for each fi nger varies from trial to trial. In the target present 
condition this does not infl uence the overall search time. The overall average search time equals 
the average search time of an individual fi nger, because searching stops as soon as the search 
time elapses for the fi nger under which the target is found. In the target absent condition this 
will not be the case. To be sure that there is no target present you have to ‘wait’ until all fi ngers 
fi nish processing whatever is under them. The overall search time depends on when the slowest 
fi nger has fi nished processing. 
To fi t a parallel search function to the data, we reason as follows: the distribution of the longest 
reaction time of n fi ngers can be found by taking the nth power of the cumulative distribution 
of the times of an individual fi nger. If we assume that the detection times that each fi nger needs 
are distributed normally (standard deviation σ ) around the median and mean ( t ), the median 
reaction time of n fi ngers ( RT (n) ) for target present (3) and target absent (4) are given by the 
following equations:
    RT (n) = t      (3)   
    RT (n) = t + σ 2 ⋅ erf
−1[−1+ 2 0.5n ]  (4) 1
Thus for the parallel search model we will fi t two parameters ( t  and σ ), whereby only t  is 
relevant for the target present condition.
The intercept in both serial and parallel search is the average time that it takes to process one 
item in the display. This only depends on the diffi culty of identifying the items presented.
1  Equation (4) is based on the cumulative normal distribution ( CND): 
    
CND (x) =
1
σ 2π
−∞
x∫ e−(x−μ )2 /(2σ 2 ) = 1
2
(1+ erf
x − μ
σ 2
)
 
If we want to fi nd the median value of a normally distributed data set of reaction times, we need to take the value 
for which the cumulative normal distribution is 0.5 (           =0.5). If we want to know the median of the highest 
reaction time drawn from n distributions we need to take the value for which the product of those n distributions 
equals 0.5 (             =0.5).
(5)
CND (x)
CND (x)n
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The resulting parallel haptic search function is shown in the right panel of Figure 2-1. We will 
examine whether these models fi t haptic search functions, and if so whether we can distinguish 
between parallel and serial search.
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Figure 2-1. Haptic search models for serial and parallel search. The left panel shows the predictions of a serial search 
model with arbitrary values of t1 (intercept) and s (slope when target present). The slope of the target absent function 
is 2 s. The right panel shows the predictions of a parallel search model for an arbitrary t  and σ . At the intercept (at 1: 
one item in the display) the model predicts equal search times in the target present and target absent condition (for both 
kinds of search).
When we fi t the models to the data of a few of the experiments of Lederman and Klatzky’s study 
(1997) we see that neither the serial nor the parallel model provides a good fi t (Figure 2-2). 
However, the pattern of results of Lederman and Klatzky (1997) may partly have been due to 
their experimental design, in which participants did not know how many items they were going to 
be shown. The number of items was varied from trial to trial (from one to six), and the location 
of the items was not known in advance. Thus participants had to detect the target when it was 
present, but not only to be sure that other items were not the target, but also to decide whether 
there was an item at each position. That this may be an issue can be seen in Figure 2-2, where 
we plot two conditions from Lederman and Klatzky’s study that were interpreted as giving rise 
to parallel search (detecting an edge amongst blank units), and one giving rise to serial search 
(detecting a vertical line amongst horizontal ones).
The fi gure shows the best fi ts of the two sets of equations that we propose. It is evident that 
neither fi ts the data very well. In particular, there is even an asymmetry in the data between 
detecting whether a single target is present or absent. A possible explanation for the ‘no edge’ 
condition is that a ‘blank facet’ is equivalent to no edge. The participant therefore fi rst has to 
determine which fi ngers are in contact with an item, and then identify the target between those 
items. If searching for items between ‘blank facets’ is not completely parallel, we may not be 
using the relevant units when fi tting our model to these data. An obvious solution is to repeat 
such experiments keeping the number of items constant within each block. 
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Figure 2-2. The data of experiment 4a, 5 and 9 of Lederman and Klatzky’s (1997) study. The lines represent the best fi t of 
our serial (top three graphs) and parallel (bottom three graphs) model.
In our experiment, we presented the different number of items in separate blocks to either both 
index fi ngers, both index and middle fi ngers, or to both index, middle and ring fi ngers, so the 
participant knew where the items were going to be. Participants had to indicate target presence 
or target absence by lifting the fi nger under which they thought the target was present. If they 
did not fi nd a target, they had to lift all fi ngers.
EXPERIMENT 1
In our main experiments, the dependent variable consists of the search time and the time needed 
to lift the fi nger. Before we conducted the search experiments, we wanted to check whether all 
the fi ngers have about the same mechanical lifting time. Our initial thoughts were that the ring 
fi nger would have the slowest lifting time, because subjectively it seems to be harder to lift this 
fi nger. 
METHOD
PARTICIPANTS
Twelve participants, nine male and three female, with a mean age of 31.8 (range 24-46), 
participated in this experiment. Two of them stated that they were left-handed.
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STIMULI AND APPARATUS
Six display elements were made of ZY®-TEX2 Swell paper by using the ZY®-FUSE heater (Zychem 
Ltd., Cheshire, England). They consisted of circles with a line width of 1.4 mm, which protruded 
about 1 mm from the surface of the paper. They were positioned so that participants could easily 
put the fi ngertips of their index, middle and ring fi nger on the centre of the display elements. 
A sensor under each element measured whether there was a fi nger on top of it. To be able 
to determine reaction time, the sensors were connected to a computer. A curtain was placed 
between the participant and the apparatus to prevent the participant from seeing the display. 
The apparatus is shown in Figure 2-3. The stimulus in this experiment was a 4500 Hz tone.
Figure 2-3. The experimental setup. The positions of the stimulus elements could be adjusted to the positions of the fi ngers 
of the participant. Under each stimulus was a sensor that measured whether there was a fi nger on top of it. 
PROCEDURE 
Participants put their fi ngers on the display elements. Their task was to lift one or all of them as 
soon as possible after hearing the tone. To indicate which fi nger or fi ngers the participant had 
to lift, the experimenter either touched the fi nger in question, or stated that the participant 
had to lift all fi ngers. After a random delay the tone sounded and the participants had to lift the 
appropriate fi nger(s) as soon as possible. There was a single block of 140 trials. Within this block 
20 replications of each of the seven conditions (lifting the index, middle and ring fi nger of each 
hand, or lifting all six fi ngers) were presented in a random order.
 ANALYSIS
Reaction time was defi ned as the time that elapsed from the moment that the tone sounded until 
the target fi nger was lifted. In the ‘all-fi ngers’ condition, the reaction time was the time that 
elapsed until the fi rst fi nger was lifted. We removed all data points below 100 ms, because this 
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indicated a non-physiological reaction time, for instance caused by bad positioning of the fi nger 
on the sensor. We calculated the median reaction time for each fi nger of each participant. To see 
whether there were any differences between the median reaction times, we used a univariate 
ANCOVA with fi nger as factor and participant as covariate.
RESULTS
The results are shown in Figure 2-4. The mean overall reaction time was 263 ms. There was no 
main effect of fi nger and no effect of participant.
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Figure 2-4. The mean of the participants’ median reaction times for the seven different conditions in experiment 1 (with 
standard errors). 
DISCUSSION
There are no differences in reaction time between the different fi ngers. If anything, the ring 
fi nger seems to be faster than the other fi ngers. So we do not need to take account of the 
mechanical lifting time when designing the following experiments.
EXPERIMENT 2
We designed experiment 2 to check whether our model would be able to adequately fi t the 
search times if we presented trials with the same number of items in blocks and used a simple 
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stimulus response compatibility. We chose a very common target-distractor pair that yields a 
parallel search pattern in visual search, a cross as a target and circles as distractors (Shen, 
Reingold, & Pomplun, 2000). The target differs from the distractors in many ways (line crossings, 
line endings, closed shape, curvature) so we expect the distinction itself to be quite easy, so that 
performance should be either serial or parallel (see Introduction). 
METHOD
PARTICIPANTS
Eight participants, four male and four female, with a mean age of 31.5 (range 24-46), participated 
in this experiment. Two of them stated that they were left-handed. Six of these participants had 
also taken part in experiment 1.
STIMULI AND APPARATUS
The display elements were made of ZY®-TEX2 Swell paper and consisted of different fi gures 
which protruded about 1 mm from the surface of the paper. The target was a cross and the 
distractors were circles. The size of the fi gures was about 60% of the width of the individual 
participants’ index fi ngers. This resulted in widths of the stimulus of either 8.5 mm, 9.6 mm or 
10.8 mm, with a line width of 1.4 mm. The same apparatus was used as in experiment 1. 
PROCEDURE
We presented haptic stimuli to the fi ngertips of the ring, middle and index fi nger of both of the 
participants’ hands. The task for the participants was to fi nd the target amongst the distractors. 
Participants started by lowering two, four or six of their fi ngers simultaneously onto the display 
elements in response to a tone. As soon as they found the target they had to lift the fi nger 
under which they felt the target. If they could not fi nd a target, they had to lift all their fi ngers. 
The participants were told that they should be as fast as possible without making any errors. 
Participants were allowed to move their fi ngers over the stimuli, as long as they stayed in contact 
with the same elements. The experiments consisted of 3 blocks of 40 trials. The number of items 
and of the fi ngers that contacted them was constant within a block. The items were divided 
symmetrically between the two hands: in the ‘two-item’ block the index fi ngers were used, in 
the ‘four-item’ block the index and middle fi ngers were used and in the ‘six-item’ block the 
index, middle and ring fi ngers were used. Ten of the trials in a block (25%) had no target; the 
other thirty trials had one target and either one, three or fi ve distractors. The position of the 
target varied at random between the fi ngers that had items.
ANALYSIS
We determined the median search time for each participant, condition and number of items. 
We discarded search times lower than 100 ms and trials in which the participant made an error. 
Search time was defi ned as the time that elapsed from the moment that the fi rst fi nger touched 
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an element until the moment that the fi rst fi nger was lifted. Thus when all fi ngers were lifted the 
time was determined by the fi rst fi nger to leave the display (as in experiment 1 and all further 
experiments).
To test whether there was an effect of the number of items in the display and of target presence, 
we performed a Repeated Measures ANOVA with two factors: number of items (2, 4 or 6) and 
target presence (present or absent). We decided that if there was a signifi cant effect of number 
of items, we would test whether the data conform to the serial search model by conducting a 
linear regression to the average values as described in the introduction. This regression yields 
one slope and one intercept (search time for one element) for both conditions. If the ANOVA did 
not reveal a signifi cant effect for number of items, we would fi t the parallel search model to 
the data. To test whether the regression model was a valid fi t, we used a chi-square goodness 
of fi t test (Press, Flannery, Teukolsky, & Vetterling, 2002). This gives a measure of the relation 
between the standard error in the measurements and the deviations from the fi t. If chi-square is 
bigger than 1, the data points are further from the fi t than expected. The p-values we give are 
the probabilities that we should reject the fi t.
RESULTS
The results are shown in Figure 2-5. We found a signifi cant main effect of number of items 
(p<0.01) and of target presence (p<0.05) and also a signifi cant interaction between the two 
(p<0.05). We also found a linear relation between the effective number of items and search 
time: the slope of the search model was 290 ± 54 ms per item; the intercept was 686 ± 144 ms. 
The fi t was very good (χ2=0.22, v=4; p<0.01, see inset of Figure 2-5).
Participants seldom made errors, and if they made one they indicated that there was no target, 
while there was one. They never indicated that a distractor was the target. Thus discriminating 
targets from distractors is not an issue for these items (Duncan & Humphreys, 1989; Wolfe, 1994; 
Wolfe et al., 1989). The mean proportion of errors was 0.3% in the 2-item condition, 1.5% in the 
4-item condition and 3.1% in the 6-item condition. 
DISCUSSION
Our serial search model fi ts the data very well, with a slope well above zero. The fact that search 
was serial is quite remarkable, as the target ‘X’ possesses unique features (e.g. the straight lines, 
intersections and line endings) that are absent in the distractors. Although this choice of features 
is based on visual search, and there is no reason to expect the features that yield a parallel search 
pattern in vision to also do so in haptics, we would intuitively consider this kind of information 
about edges to be very relevant for haptics, and therefore to be processed effi ciently. These 
results confi rm Lederman and Klatzky’s (1997) fi ndings that this is not the case. 
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Figure 2-5. The mean of the participants’ median reaction times in experiment 2 (with standard errors). The slope ( s) of 
the serial search model is 290 ± 54 ms per item. The intercept ( t1) is 686 ± 144 ms. The graph in the inset shows the actual 
fi t of the serial search model to the data. This fi t is transformed to the dashed and continuous lines in the main fi gure (see 
Model section for more details). The target (cross) and distractors (circles) are shown in the bottom right.
EXPERIMENT 3
In our fi rst search experiment (experiment 2), the target differed from the distractors in complex 
features, such as curvature and intersection. As this yielded a serial search pattern, we conducted 
a second similar experiment to determine whether differing in the most basic spatial aspect of 
edges, their orientation, would yield a parallel search pattern. 
METHOD
The same method for measuring and analyzing the data was used as in experiment 2. The same 
participants participated in this experiment. The only difference was that in this experiment 
a vertical line was used as the target, and the distractors were horizontal lines. The lines had 
a length of 2 cm and a width of 1.4 mm, so that the full length or width of the fi nger pad was 
covered. In all other respects experiment 3 was identical to experiment 2.
RESULTS
The results are shown in Figure 2-6. Again we found a signifi cant main effect for number of items 
(p<0.01) and for target presence (p<0.05) and a signifi cant interaction (p<0.05). We also found 
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a linear relation between the number of items and search time. The slope of the search model 
is 215 ± 37 ms per item and the intercept is 493 ± 101 ms (one item in display). The fi t was very 
good (χ2=0.115, v=4; p<0.005). The average reaction time was lower than the average reaction 
time of experiment 2 (p<0.05). Again participants occasionally failed to detect the target, but 
never indicated that the wrong item was the target. The number of errors depended on the 
number of items (p<0.05). The mean proportion of errors was 0.9% in the 2-item condition, 0.6% 
in the 4- item condition and 0.9 % in the 6-item condition. 
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Figure 2-6. Haptic search times of experiment 3. The slope ( s) of the serial search model is 215 ± 37 ms per item. The 
intercept ( t1) is 493 ± 101 ms. See Figure 2-5 for further details. The target (vertical line) and distractors (horizontal lines) 
are shown at the bottom right.
DISCUSSION
The shorter reaction times compared to experiment 2 show that we succeeded in designing an 
easier experiment. Again we found a serial search pattern, although we used the simplest spatial 
feature we could think of. Apparently, even line orientation is not able to yield a parallel search 
pattern in haptic perception, confi rming Lederman and Klatzky’s (1997) conclusion, with similar 
targets but different methods (rightmost panels of fi gure 2-2). However, in contrast to their data 
ours fi ts very well to a serial search model. In order to examine whether we could also obtain 
haptic data that fi t a parallel search pattern we designed experiment 4, the assumption being 
that the poor fi t in the lower left panels of fi gure 2-2 were a consequence of the methods used 
(as explained in the Introduction), and that the task itself was indeed a parallel task (Lederman 
& Klatzky, 1997).
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EXPERIMENT 4
In this experiment participants had to search for a target between empty display elements. If we 
fi nd a parallel search function, it would mean that people can detect structures in parallel, but 
not identify them on the basis of their spatial features in parallel. If we still fi nd a serial search 
function it would question our methodology, because parallel haptic search must be possible for 
clearly detectable targets amongst empty display elements. 
METHOD
The same methods were used for measuring and analyzing the data as in experiment 2. The same 
participants participated. In this experiment the target was a horizontal line and the distractors 
were blank pieces of ZY®-TEX2 Swell paper. Note that although the distractors were empty, the 
number of fi ngers used and the number of possible target positions did differ between the blocks 
of trials.
RESULTS
The results are shown in Figure 2-7. We did not fi nd a signifi cant main effect for number of items 
but did fi nd a main effect for target condition (p<0.05). We therefore fi t the parallel search 
model to the data points. This resulted in values of t  = 516 ± 138 ms and standard deviation
σ  = 376 ± 199 ms. The fi t was very good (χ2=0.12, v=4; p< 0.005). The measured mean reaction time 
in the ‘target present’ condition was 512 ± 66 ms, with a standard deviation of 296 ± 55 ms. In this 
experiment, participants made even fewer errors than in the previous ones. The proportion of errors 
was 0 % in the 2-item condition, 0.03 % in the 4-item condition and 1.3 % in the 6-item condition. 
DISCUSSION
Because we did not fi nd a main effect of the number of items and the fi t of the parallel model 
was very good, we conclude that this task yielded a parallel search pattern as described in 
our model. The standard deviation derived from the model fi t (376 ms) was close to the mean 
measured standard deviation in the ‘target present’ condition (296 ms), indicating that our 
reasoning for the increase in reaction times in the ‘target absent’ condition was justifi ed. When 
the display elements are empty, participants apparently do not have to check all fi ngers serially. 
This task could be considered to be a detection-task instead of a search-task. The participants 
had to detect and localize a ‘bump’ in a fl at surrounding (an ‘abrupt surface discontinuity’, 
following Lederman and Klatzky’s (1997) dimensions). In experiments 2 and 3 participants had 
‘bumps’ under all the fi ngertips that were being tested. The task in these experiments was to 
discriminate one of those items from the other ones on the basis of spatial features. In this 
experiment there is only one item present that has such spatial features. The participant must 
detect the item, but there was no need to compare it to other items.
The intercept of the haptic search function (value for 1 item) is the same as in experiment 3, 
in which the same element was used (horizontal line). When there is 1 item in the display it 
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apparently takes the same time to process it, regardless of the task. Thus if the distinction that 
we made in the previous paragraph is correct, we must conclude that the difference between 
a detection and a discrimination only becomes clear when there is more than one item in the 
display. This implies that it is really the search for the feature of interest that is serial, rather than 
there being limited resources for determining the orientation of a contour beneath a fi nger.
2 4 6 
  
1000
2000
3000
4000
Se
ar
ch
 T
im
e 
(m
se
c)
Target Present 
Target Absent 
Number of Items 
1 6
0
4000
Effective Number of Items 
Se
ar
ch
 T
im
e 
(m
se
c)
Figure 2-7. Haptic search times in experiment 4. The lines represent the fi t of the parallel search model to the data ( t = 
516 ± 138 ms and σ = 376 ± 199 ms; see introduction and legend of Figure 2-5 for further details).
EXPERIMENT 5 
 In the present search experiments the number of potential responses covaried with the number of 
items in the display. According to the Hick-Hyman law (Hick, 1952; Hyman, 1953) this could be of 
infl uence on the response time: the more potential responses available, the longer the response 
time will be. The relation between the potential responses and reaction time is described in the 
following equation, in which n is the number of possible responses:
    RT (n) = b⋅ log2(n +1)     (6)
In experiment 4 we see no evidence for such a relationship in our data. However, in that experiment 
the relationship between stimulus and response was particularly easy, because participants had 
to lift the only fi nger that touched an item. To rule out the possibility that the serial search 
patterns in experiment 2 and 3 were confounded by the combination of detecting the target and 
lifting the correct fi nger, we designed experiment 5. We took the same target-distractor pair 
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as in experiment 2, a cross as a target and circles as distractors, but the items were presented 
visually. It is well known that these items yield a parallel search pattern in vision (Shen et al., 
2000). We placed the visual items close to the fi ngers and asked participants to move the fi nger 
near the target downwards. If there is any effect of the number of items on the relationship 
between detecting the target and selecting the appropriate fi nger it should lead to a signifi cant 
slope in the target present condition of this experiment.
METHOD
PARTICIPANTS
Eight participants, two male and six female, with a mean age of 27.9 (range 25-30) participated 
in this experiment. They all had normal or corrected to normal vision and one of them stated 
that he was left-handed. Two of these participants had also taken part in the haptic search 
experiments.
PROCEDURE
Participants were sitting behind a 12-inch TFT screen, at a viewing distance of 45 cm. A black 
fi xation cross was shown on a white background for 500 ms, followed by a horizontal row of either 
two, four or six black items, presented across the screen centre. The background remained 
white during the whole experiment and it’s brightness was 86 cd/m2. The target was a cross 
and the distractors were circles. The same absolute size and shape of the items were used as in 
experiment 2. The distance between the items was about 2 cm. The participant’s hands were on 
the keyboard. The task for the participant was to push the key corresponding to the target as 
soon as they saw the target. If there was no target present they had to push all keys. In the two 
item condition the participants had their index fi ngers on the ‘g’ and the ‘h’ of the keyboard, 
in the four item condition their index and middle fi ngers on the ‘f’, ‘g’, ‘h’, and ‘j’ and in the 
six items condition their ring, middle and index fi ngers on the ‘d’, ‘f’, ‘g’. ‘h’. ‘j’ and ‘k’. The 
participants were told that they should react as fast as possible, without making any errors. The 
experiment consisted of three blocks of either two, four or six items. Each block consisted of 48 
trials, of which 12 (25%) did not contain a target.
ANALYSIS
We determined the median search time for each participant, condition and number of items. 
Search time was defi ned as the time that elapsed from the moment that the stimulus appeared 
on the screen until the moment that a button was pushed.
To test whether there was an effect of the number of items in the display and of target presence, 
we performed a Repeated Measures ANOVA with two factors: number of items (3 levels) and 
target presence (2 levels). We will also fi t our parallel search model and the equation for the 
Hick Hyman law to the data points.
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RESULTS
The search times are shown in fi gure 2-8. We found a signifi cant main effect for target presence 
(p<0.01) and an interaction effect between number of items and target presence (p<0.05). The 
parallel search model did not fi t very well (χ2=4.67; v=4, p<0.25). The Hick Hyman equation 
also gave a very bad fi t to the data points (χ2=5.30; v=4, p<0.25), so we fi tted two separate 
lines instead. The fi t for target absent is t(n) = 492 +18n   and the fi t for target present is 
t(n) = 390 + 37n.
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Figure 2-8. Search functions for visual search in experiment 5. The lines represent separate fi ts for the data points when the 
target was absent and when the target was present. The points represent the mean of the participants’ median search times 
(with standard errors). The graph in the inset replots the data points of experiments 2 and 5 at the same scale.
DISCUSSION
The results are neither in line with the parallel search model nor with the Hick-Hyman law. The 
fact that the slope of the search function in the target absent condition is less steep than in the 
target present condition is in line with the idea that in the target absent condition there is only 
one possible response whereas in the target present condition the number of possible responses 
increases with the number of items in the display. 
However, when comparing the slopes of these functions (18 and 37 ms/item) with the slopes of 
the search function of experiments 2 and 3 (290 ms/item and 215 ms/item; see inset in Figure 
2-8), it is obvious that the serial search pattern that we found in the haptic experiments cannot 
be attributed to an increase in the number of possible responses when the number of items 
increases. 
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GENERAL DISCUSSION
The experiments show that our model can describe haptic search behaviour very well. For serial 
search the slope for target absent conditions is twice as high as for target present conditions. The 
search time when there is only one item in the display is the same for ‘target absent’ and ‘target 
present’ conditions. Searching for specifi c contours gave rise to serial search.
When searching for a target between empty elements our experimental design was able to 
produce completely parallel haptic search. In that case it was not necessary to check that the 
‘right’ target had been found; the aim was to search for an object, not one of a particular kind. 
The data clearly show that haptic search for a target that differs from the distractors in spatial 
features is necessarily serial. This is different than what has been found in the visual domain, 
where a parallel search pattern is found for targets defi ned by various spatial features (Cavanagh, 
Arguin, & Treisman, 1990; Linnell & Humphreys, 2002; Mori & Kataoka, 2004; Saarinen, 1995; 
Scialfa & Joffe, 1998; Treisman & Sato, 1990). 
Other studies in the haptic domain also found a serial pattern when using spatial features to 
distinguish between target and distractor (Lederman, Browse, & Klatzky, 1988; Lederman & 
Klatzky, 1997; Purdy, Lederman, & Klatzky, 2004). However, the serial pattern in those studies 
was different from the pattern predicted for serial search by our model. In the introduction 
we argued that this could have been caused by the number of items having been varied across 
trials in the previous experiments. In experiment 4 we showed that detecting and localizing a 
bump between empty stimulus elements is a parallel process. The number of empty elements 
was irrelevant. However, when the task is a discrimination task, empty elements may not be as 
readily recognized as such. Alternatively, knowing which fi ngers may receive useful information 
may somehow guide a more effi cient search, although comparing the search times in Figures 2-2 
(right column) and 2-6 does not suggest that this is the critical factor.
In summary, our search model describes the data very well. In the experiments in which a spatial 
target had to be discriminated from spatial distractors we found that the serial search model 
applied. In the experiment in which a spatial target had to be found amongst empty display 
elements the parallel model applied. 
CHAPTER 3
HAPTIC SEARCH IS SLIGHTLY MORE 
EFFICIENT WHEN THE STIMULUS CAN BE 
INTERPRETED AS CONSISTING OF FEWER 
ITEMS
Overvliet, K.E., Mayer, K.M., Smeets, J.B.J, Brenner, E. (2007) Haptic Search is Slightly More 
Effi cient When the Stimulus Can Be Interpreted as Consisting of Fewer Items. Acta Psychologica, 
doi.org/10.1016/j.actpsy.2007.01.001.
In a typical haptic search task, separate items are presented to individual fi ngertips. The time to 
fi nd a specifi c item generally increases with the number of items, but is it the number of items 
or the number of fi ngers that determines search time? To fi nd out, we conducted haptic search 
experiments in which horizontal lines made of swell paper were presented to either two, four 
or six of the participants’ fi ngertips. The task for the participant was to lift the fi nger under 
which they did not feel (part of) a line. In one of the conditions separate non-aligned lines were 
presented to the fi ngertips, so that the number of items increased with the number of fi ngers 
used. In two other conditions the participants had to fi nd an interruption in a single straight line 
under one of the fi ngertips. These conditions differed in the size of the gap. If only the number 
of items in the tactile display were important, search times would increase with the number 
of fi ngers in the fi rst condition, but not depend on the number of fi ngers used in the other 
two conditions. In all conditions we found that the search time increased with the number of 
fi ngers used. However, this increase was smaller in the single line condition in which the gap was 
large enough for one fi nger to not make any contact with the line. Thus, the number of fi ngers 
involved determines the haptic search time, but search is more effi cient when the stimulus can 
be interpreted as consisting of fewer items.
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INTRODUCTION
Search experiments are generally used to get more insight into how information is processed. 
Many studies have been conducted on visual search. Only a few have been conducted on haptic 
search. However, several studies have investigated haptic object recognition. For example, 
Norman, Norman, Clayton, Lianekhammy and Zielke (2004) found that the accuracy with which 
naturally shaped objects were discriminated was almost as precise when the stimuli were 
presented haptically as when they were presented visually. Behrmann and Ewell (2003) showed 
that participants were good at discriminating between two line patterns by tracing the lines with 
the two index fi ngers simultaneously. These results indicate that people are quite accurate in 
object recognition tasks in the haptic modality.
What all visual and haptic search tasks have in common is that the target must be found amongst 
a number of other objects. How long it takes to fi nd a target amongst a group of distractors 
depends on the properties of the target in relation to the distractors. When the target is clearly 
different from all the other objects in one or more feature dimensions, it does not matter 
how many items there are in the display. It takes about the same time to fi nd the target in 
the presence of various numbers of distractors (parallel search). When the difference between 
target and distractors is less distinctive, search times increase with the number of items in the 
display (serial search). Although not all search theories make this strict distinction between 
serial and parallel processing, search tasks are generally used to determine the basic feature 
dimensions of perception (Duncan & Humphreys, 1989; Duncan & Humphreys, 1992; Julesz, 1984, 
1986; Treisman & Gelade, 1980; Treisman & Gormican, 1988; Wolfe, Cave, & Franzel, 1989; Wolfe 
& Horowitz, 2004).
Lederman and Klatzky (1997) investigated the basic properties in haptic processing by presenting 
different kinds of stimuli to their participants’ fi ngertips and determining how soon after contact 
they could fi nd the target. They distinguished four dimensions: the material (how rough, hard 
or warm the material feels), abrupt surface discontinuities (a raised bar among fl at surfaces or 
a deep hole between shallow holes), relative orientation (the target had a different orientation 
than the distractors), and continuous 3-D surface contours (slant or curvature). Material and 
abrupt surface discontinuities produced low search function slopes, indicating more or less 
parallel search. Relative orientation and continuous 3-D surface contours produced relatively 
steep slopes, indicating serial search.
A recent study (Overvliet, Smeets, & Brenner, 2007a) also found that search times increased 
with the number of items when the target differed from the distractors in one of several spatial 
features, whereas the time needed for detecting a line amongst empty sensors is independent of 
the number of fi ngers. The difference was interpreted in terms of the tactile properties of the 
individual items. However, there is an alternative interpretation. A surface without protrusions 
may be considered to be a single item, irrespective of the number of fi ngers touching it. Thus, 
rather than the number of fi ngers, the number of ‘objects’ may be critical. The results of 
Lederman and Klatzky (1997) and Overvliet, Smeets and Brenner (2007a) could be explained in 
terms of the number of items rather than of the number of fi ngers used. If so, items must be 
recognized by their material properties or by the way in which they can be combined to form 
surfaces. 
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Knowing what you are going to feel may also help to bind properties into a single item, for 
example, when carrying a book, we automatically perceive its edge as a single shape and not as 
four objects touching our fi ngertips. Imagine that the book has some damage on one edge of the 
cover. When we hold the book in our hand we will feel the ripped paper. Does the fact that we 
know how it feels to touch a book help us to detect a possible deviation from the expected shape 
faster than when we touch an artifi cial set of ‘unrelated’ objects? 
We hypothesize that the impression of exploring a single complete object will lead to a more 
effi cient search pattern. To investigate this, we compared haptic search when separate small 
lines were presented to the participants’ fi ngertips with haptic search when a single longer line 
was used as a stimulus. The task for the participants was to indicate which fi nger did not have 
a line under it. When a single line was used this is equivalent to fi nding the gap in the line.  Our 
hypothesis yields predictions that are between two possible extremes. If only the number of 
objects is relevant, we expect search time not to increase with the number of fi ngers in this 
condition. However, if only the number of fi ngers is relevant, search time will increase with the 
number of fi ngers that explore the single line in the same way as it does for the separate small 
lines.
EXPERIMENT
PARTICIPANTS
Ten participants took part in the experiment, six male and four female, with an age range of 
23-48 years. Two of them stated to be left-handed. Most of the participants were familiar with 
psychophysical experiments. 
STIMULI AND APPARATUS
The setup consisted of six force sensors, which were designed to have a piece of ZY®-TEX2 
Swell paper (Zychem Ltd., Cheshire, England) attached to them. The items were horizontal lines 
with a line width of 1.4 mm, which protruded about 1 mm from the surface of the swell paper. 
Each sensor could be positioned separately to accommodate different hand sizes and stimulus 
positions. The sensor measured whether there was a fi nger on top of it. To be able to determine 
reaction time, the apparatus was connected to a computer. The sample rate was 60 Hz. A curtain 
was placed between the participant and the apparatus to prevent the participant from seeing the 
display. The apparatus is shown in fi gure 3-1. 
‘SEPARATE LINES’
In the fi rst condition, the stimulus consisted of separate lines that were positioned beneath the 
participants’ fi nger pads when in a comfortable (natural) position (fi gure 3-1B). Each item was a 
separate 2 cm horizontal line. The target was a piece of swell paper that did not contain a line.
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‘WIDE GAP’
In the second condition, the stimulus was a 14.5 cm line. The 2 cm wide sensors were spaced 
with a distance of 0.5 cm between them to avoid fi ngers touching the sensor that was used for 
the adjacent fi nger. The target was a 2 cm gap in the line. Participants now had to adjust their 
fi nger positions to the line (fi gure 3-1C). 
‘NARROW GAP’
This third condition was identical to the second except that the participant could feel the edges 
of the gap at the target. The size of the gap was 50% of the width of the participants’ index fi nger 
(the used gap size was 0.7 cm, 0.8 cm, or 0.9 cm). 
Figure 3-1. Setup of the experiment. A. The apparatus. B. The ‘separate lines’ condition. C. The ‘wide gap’ condition.
PROCEDURE
Participants used either two, four or six fi ngers. In trials with two fi ngers participants used 
their index fi ngers. In trials with four fi ngers participants used their index and middle fi ngers. In 
trials with six fi ngers participants used their index, middle and ring fi ngers. Each combination of 
condition and number of fi ngers was tested in a separate block. Each block consisted of 40 trials. 
In 25% of the trials the stimulus did not contain a target. The nine blocks (with all combinations 
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of three conditions and three numbers of fi ngers used) were presented in random order to each 
participant, with not more than two blocks a day. 
Before each trial the participants were asked to place their fi ngertips on the sensor to make 
sure that they would not misplace their fi ngers and consequently miss the target. When the 
fi ngers were in the correct position the participants lifted the fi ngers and the experimenter 
placed the next stimulus on the sensors. The experimenter started each trial by presenting a 
4500 Hz tone. As soon as the participants heard the tone they could lower their fi ngers on the 
stimulus. Participants were allowed to move their fi ngers a little over the stimulus as long as 
the fi ngers stayed on the sensors. The participants were instructed to lift the fi nger under which 
the target was positioned as soon as they detected it. For trials in which the target was absent, 
participants were instructed to lift all the fi ngers as soon as they detected the absence of the 
target. This procedure (and the analysis presented below) was successfully applied in an earlier 
study (Overvliet, Smeets, & Brenner, 2007a) in which we could describe haptic search as either 
a serial or parallel process.
ANALYSIS
On target present trials, the reaction time was defi ned as the time from when the fi rst fi nger 
was lowered onto one of the sensors until the fi nger on the target was lifted. On target absent 
trials, the reaction time was defi ned as the time from when the fi rst fi nger was lowered onto 
one of the sensors until the fi rst fi nger was lifted. Trials with reaction times shorter than 100 ms 
were discarded because such a fast response was considered not to be physiologically plausible. 
Trials in which participants gave the wrong answer were also deleted. In total 8.9% of the trials 
were discarded (7.9% in target present and 9.2% in target absent). We checked whether there 
was a speed-accuracy trade off, but there was no effect of number of omitted trials on search 
time. For every participant, condition (‘separate lines’, ‘wide gap’, ‘narrow gap’) and number of 
fi ngers (2, 4 and 6) the median search time was computed for the remaining trials. This was done 
separately for the target absent and target present conditions.
To determine whether there is any effect of number of fi ngers, condition or target presence 
we used a repeated measures ANOVA with these three measures as factors. Since we found a 
signifi cant increase in search time with the number of fi ngers (see Results) we fi t a serial search 
model to the data (see appendix). To check whether our choice for the serial search model with 
a common intercept for target absent and target present was justifi ed, we fi t separate lines 
through the data points for trials in which the target was present or absent. We did not fi nd a 
signifi cant difference between the intercepts of the two lines. This indicates that the use of our 
serial model is justifi ed. If the search times had not increased with the number of fi ngers we 
would have fi t a parallel search model. To test how well the search model fi ts the data we used 
a χ2 goodness of fi t test (Press, Flannery, Teukolsky, & Vetterling, 2002). This gives a measure of 
the relation between the standard errors in the measurements and the deviations from the fi t. 
If χ2 is bigger than 1, the data points are further from the fi t than expected on the basis of their 
standard errors. The p-values that we give are the probabilities that we should reject the fi t. 
We used a two-tailed t-test to check for differences in slope and intercept between the three 
conditions.
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RESULTS
Figures 3-2A-C show the haptic search functions. We found main effects for the factors ‘number 
of fi ngers’ (Fdf=2=32.15, p<0.001) and condition (Fdf=2=11.83, p<0.01). We also found an interaction 
effect between condition and target presence (Fdf=4=8.15, p<0.05). The serial search model fi t the 
data very well in all three conditions (‘separate lines’: χ2df=4=0.45, p<0.05; ‘wide gap’: χ2df=4=0.11, 
p<0.01; ‘narrow gap’: χ2df=4=0.34, p<0.05), which means that the data points comply with the 
model. The slopes and intercepts of the fi ts for the three conditions are shown in fi gure 3-2D. 
The only signifi cant difference between the intercepts was between those of the ‘separate lines’ 
and ‘narrow gap’ conditions (tdf=59=2.27; p<0.05). The slopes of ‘separate lines’ and ‘narrow gap’ 
are both signifi cantly higher than the slope of ‘wide gap’ (tdf=59=3.26; p<0.001 and tdf=59=2.23; 
p<0.05 respectively).
DISCUSSION
In the introduction we hypothesized that the impression of exploring a single complete object 
will lead to a more effi cient search for a gap. We compared conditions for which stimuli under 
the participants’ fi ngers could or could not be considered to be part of a single larger object. 
The results confi rmed the hypothesis. However, we found an increase in search time with the 
number of fi ngers in all conditions, so the number of fi ngers involved in the search process is 
important as well as the number of objects that are presented. We found a lower slope of the 
search function in the ‘wide gap’ condition than in the ‘separate lines’ condition, despite the 
awkward fi nger position. The intercepts did not differ, which is logical because when only one 
fi nger is used there is no difference between the tasks. The participant only needs to decide 
whether there is a ‘line’ or ‘nothing’ under his or her fi ngertip. The ‘narrow gap’ condition does 
have a different intercept. Apparently it is more diffi cult to decide whether there is a ‘line’ or a 
‘line with a narrow gap’ under your fi ngertip, than to decide whether there is a ‘line’ or ‘nothing’ 
under your fi ngertip. This is also clear from the difference in slopes between the ‘large gap’ and 
‘narrow gap’ conditions.
 The shallower slope in the ‘wide gap’ than in ‘separate lines’ condition demonstrates that the 
participants benefi ted from the fact that they could consider the lines to be parts of a single 
object. We cannot tell whether this is mediated by them feeling that the lines form a single 
object or by us having told them that it is so. In other fi elds of research a similar effect is found. 
For instance, performance is faster and more accurate when two target properties have to be 
identifi ed on the same object than when each of property appears on a different object (Baylis, 
1994; Baylis & Driver, 1993; Cepeda & Kramer, 1999; Mapelli, Cherubini, & Umilta, 2002).
In the ‘narrow gap’ condition, in which line endings could be felt under one fi nger, the gap was 
not detected faster. The ‘narrow gap’ even seemed to be more diffi cult to detect, as is evident 
from the longer search times. Participants clearly did not benefi t from feeling the line endings on 
both sides of the narrow gap. It even took them more time to detect such a gap than to detect 
the absence of a line. Thus the gap appears to be “fi lled in” perceptually when the line endings 
are close together, as has previously been proposed for visual stimuli (Lamote & Wagemans, 
1999).
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Figure 3-2. A-C Haptic search functions. The data points represent the mean of the participants’ individual medians. The 
error bars represent the standard error of the mean across participants. The lines indicate the best fi t of the serial search 
model (see appendix). The inset in the right bottom indicates the stimulus: A. The ‘separate lines’ condition. B. The ‘wide 
gap’ condition. C. The ‘narrow gap’ condition. D. The slopes and intercepts (t1 ) of the haptic search functions in the three 
conditions. The error bars represent the standard errors of the regression coeffi cients.
Earlier research has shown that a parallel haptic search pattern is possible when participants 
have to fi nd a similar item to those used here amongst empty pieces of swell paper (Overvliet, 
Smeets, & Brenner, 2007a). In the ‘separate lines’ condition of this experiment the characteristics 
of targets and distractors are reversed with respect to that study. The fact that we now found a 
serial search pattern reveals an asymmetry in haptic search. Search asymmetry is a phenomenon 
that was fi rst found by Treisman and Gormican (1988) and is considered to provide evidence for 
the importance of a feature in perception. When the feature is present in the target, the search 
pattern is parallel. When the feature is present in the distractors, but absent in the target, one 
has to check every item for the absence of this particular feature, so a serial search pattern 
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emerges. Thus, the search asymmetry that we found confi rms Lederman and Klatzky’s (1997) 
conclusion that a bump is one of the features that is registered early in haptic processing.
In conclusion, the search process is more effi cient when the stimuli form a complete object. 
However, the number of fi ngers involved in the search process is more important than the number 
of objects that have to be explored.
APPENDIX
SERIAL SEARCH MODEL
In serial search, when the target is present, it will on average be found after scanning half of 
the distractors; the ‘effective’ number of items scanned is therefore 1.5, 2.5, and 3.5 for 2, 4, 
and 6 items in the display. In the target absent condition, all items have to be scanned to be 
sure that there is no target present, so the effective number of items equals the total number 
of items. As a result of this, the slope of the search function in the target present condition will 
be half the magnitude of that for the target absent condition. For the serial search model, we fi t 
a single linear regression to the search times as a function of the effective number of items of 
each condition. In order to conform to the tradition in the search literature, we report the slope 
of the search time in the ‘target-present’ trials as a function of the number of items. This slope 
is by defi nition half of the slope in the ‘target-absent’ case or half of the slope in terms of the 
effective number of items. This results in the following search functions with slope s  (increase in 
time per item) and intercept  t1  (time for one item) for the target present (1) and target absent 
(2) conditions:
    RT (n) = t1 + n −1( )s     (1)
    RT (n) = t1 + n −1( )2s     (2)

CHAPTER 4
HAPTIC SEARCH WITH FINGER MOVEMENTS: 
USING MORE FINGERS DOES NOT 
NECESSARILY REDUCE SEARCH TIMES
Overvliet, K.E., Smeets, J.B.J, Brenner, E. (2007) Haptic Search with Finger Movements: Using 
More Fingers Does Not Necessarily Reduce Search Times. Experimental Brain Research, 182(3), 
427-434.
Two haptic serial search tasks were used to investigate how the separation between items, and 
the number of fi ngers used to scan them, infl uence the search time and search strategy. In both 
tasks participants had to search for a target (cross) between a fi xed number of non-targets 
(circles). The items were placed in a straight line. The target’s position was varied within blocks, 
and inter-item separation was varied between blocks. In the fi rst experiment participants used 
their index fi nger to scan the display. As expected, search time depended on target position 
as well as on item separation. For larger separations participants’ movements were jerky, 
resembling ‘saccades’ and ‘fi xations’, while for the shortest separation the movements were 
smooth. When only considering time in contact with an item, search times were the same for all 
separation conditions.  Furthermore, participants never continued their movement after they 
encountered the target. These results suggest that participants did not use the time during which 
they were moving between the items to process information about the items. The search times 
were a little shorter than those in a static search experiment (Overvliet, Smeets & Brenner, 
2007a), where multiple items were presented to the fi ngertips simultaneously. To investigate 
whether this is because the fi nger was moving or because only one fi nger was stimulated, we 
conducted a second experiment in which we asked participants to put three fi ngers in line and 
use them together to scan the items. Doing so increased the time in contact with the items for 
all separations, so search times were presumably longer in the static search experiment because 
multiple fi ngers were involved. This may be caused by the time that it takes to switch from one 
fi nger to the other.
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INTRODUCTION
In most experiments on haptic perception in which a search paradigm was used, participants were 
asked to fi nd a target amongst items presented to several fi ngertips simultaneously. Participants 
had to lower the index, middle and ring fi ngers of both hands onto the stimuli. They then had to 
keep their fi ngers in contact with all the stimuli until they found the target (Klatzky & Lederman, 
1995; Lederman & Klatzky, 1997; Overvliet, Smeets, & Brenner, 2007a; Overvliet, Mayer, Smeets 
& Brenner, 2007; Purdy, Lederman, & Klatzky, 2004). This proved to be a diffi cult task, in which 
the target did not ‘pop out’: in most experiments the search times were much longer when 
more fi ngers were used. Perhaps it is diffi cult because in daily life you usually touch objects 
sequentially while moving your fi nger(s) over their surfaces, instead of touching multiple objects 
with the fi ngers of a static hand. If so, the effi ciency of tactile processing may be underestimated 
by such experiments. 
There are two reasons why effi ciency may be higher for a moving hand than for a passive hand. 
In the fi rst place, when participants move their fi ngers over the stimulus, perception itself might 
get faster. A study by Philips, Johnson and Browne (1983) revealed that tactile letter recognition 
was consistently better when the letters were scanned than for stationary touch. Heller (1984) 
also found that active touch resulted in better recognition rates than either passive sequential 
or passive static touch. In the static haptic search tasks mentioned in the previous paragraph 
participants were very constrained in their movements. Giving them more freedom to explore 
the items could lead to shorter search times per item.
In the second place, having space between the items might increase the effi ciency of the search 
in terms of the time spent on an item. You may use the time in which the fi nger is moving to a 
next item to process the previous item and decide whether this was the item you were looking 
for. There are two possible ways in which one could process tactile information when scanning 
a display. If information has to be fully processed before a movement is initiated to gather 
new information, the time spent moving between the items will infl uence the resulting search 
times: the larger the separation between the items, the longer the total search time. The time 
in contact with each item will be the same for all separations. However, if the information that 
has been gathered at the fi ngertips can be processed while moving on to the next item, and 
a new movement can be planned and initiated while the brain is still processing the gathered 
information, the time that it takes to move between the items can be used to process information. 
Longer separations between items could then result in shorter contact times with the items, 
leaving the total search time constant. There is some evidence that this happens in visual search 
tasks. In a study by Hooge and Erkelens (1996) participants had to search for a target by scanning 
a display with their eyes, and had to indicate the target by fi xating it. In their study there were 
trials in which the target was only recognized after an eye movement away from the target had 
been made. The eyes then returned to the target to indicate that the target had been found. 
Liesker, Smeets and Brenner (2007) found similar results in a task in which participants moved a 
small viewing window manually across the stimulus. On many trials participants passed the target 
and then had to return. The participants in both experiments must still have been processing 
information about the item while planning or executing the movement to the next item. 
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 EXPERIMENT 1
To examine whether dynamic search is more effi cient than static search, we designed a search 
task in which the participants had to scan a line of raised items with their fi ngertips. We varied 
the location of the target within blocks and the separation between the items between blocks. 
If moving the fi nger across the items speeds up the recognition of the items we will fi nd shorter 
search times and less increase with the number of scanned items in this experiment, than in a 
previous static haptic search experiment using the same items (Overvliet, Smeets, & Brenner, 
2007a). If participants can use the time between items to process information about the item 
that they just passed, search times for the different separation conditions will be similar.
METHOD
PARTICIPANTS
Eight participants, four male and four female, with a mean age of 28.6 (range 25-41) participated 
in this experiment. Two of them stated that they were left-handed. Participants used their 
preferred hand to perform the task.
STIMULI AND APPARATUS
The stimuli were made of ZY®-TEX2 Swell paper by using the ZY®-FUSE heater (Zychem Ltd., 
Cheshire, England). They consisted of circles and crosses with a line width of 1.4 mm, which 
protruded about 1 mm from the surface of the paper. The size of the items was about 60% of 
the width of the individual participant’s fi ngertip size; giving item widths of 8.5 mm, 9.6mm or 
10.8 mm. An earlier study (Overvliet, Smeets, Brenner, 2007a) has shown that it is quite diffi cult 
to distinguish between these items, with search times of 580 ± 54 ms per item. The separation 
between the centres of the items was also scaled to fi ngertip size: it could be two, four or six 
times the item width. The different separations were measured in three separate blocks of trials. 
The items were positioned on a straight line, so that the participant could easily fi nd them. Each 
sheet of swell paper contained fi ve rows of items with identical spacing (for fi ve trials). Ten sheets 
were presented, in random order, so that there were fi fty trials for each separation condition. 
The target could appear at any position except the fi rst one. In 25% of the trials there was no 
target. The movement of the participant’s fi ngertip was measured with an OPTOTRAK® tracking 
system. This system measured the three-dimensional coordinates of an infrared emitting diode 
(IRED). An IRED was attached to the centre of the nail of the index fi nger of the participants’ 
dominant arm. A curtain was placed between the participant and the stimuli to prevent the 
participant from seeing the items. The setup is shown in fi gure 4-1. 
PROCEDURE
We started by measuring the width of each participant’s fi ngertip and preparing stimuli with 
appropriate dimensions. Participants were then asked to place the index fi nger of their dominant 
arm at the starting position (a dot) to the left of a row of items. Their task was to search for the 
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target (a cross) amongst the distractors (circles) by scanning the row of items. A starting signal 
indicated that they could start moving their fi ngertip over the items. They could use any strategy 
that they wanted, including going back. As soon as they found the cross they had to lift their 
fi nger and put it back on the cross. If they could not fi nd the target they had to lift their fi nger 
and keep it lifted.
Figure 4-1. Setup of Experiment 1. Participants were sitting behind a table and a screen was placed between the participant 
and the stimuli (left panel). The right panel shows a participants’ digit scanning a row of items on a sheet of swell paper. 
The swell paper contained fi ve rows of items, each row was used on a separate trial. The infrared emitting diode (IRED) on 
the nail of the index fi nger was used for recording its position. 
ANALYSIS
We analyzed the velocity profi les of the individual movements in order to determine the total 
search time and analyzed the individual movement trajectories to determine the time in contact 
with the items for each trial in each separation condition. The beginning of the search time 
was defi ned as the moment that the fi nger’s velocity reached a threshold of 5 percent of the 
maximal velocity between the starting point and the fi rst item. The end of the search time was 
defi ned as the moment that the fi nger’s vertical velocity was more than 1 cm/s, indicating that 
the participant had found the target. In order to quantify the time spent on each item we split 
each trial into movement time and time in contact with one of the items. A fi nger was regarded 
as being in contact with an item as long as there was some overlap between the fi nger and an 
item. Movement time was defi ned as the part of the search time during which the fi nger did not 
contact any of the items in the display. This way of defi ning contact gives us contact times that 
can be compared across the different conditions and separations, without taking the individual 
movement strategies that participants used into account. For each participant we determined 
the median search time and median time in contact with the items for each target position in 
each separation condition. The no-target trials were not analyzed. We conducted an ANOVA 
(nine target positions, three separations) on the data set. We characterized the effi ciency of the 
search by the slope of the search function: a linear regression of the search times as a function 
of target position.
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To compare the slopes of the search functions of this study with the slopes of previous static 
search experiments2, we use the slope for the target absent condition from the previous studies. 
In the target absent condition of the static experiments participants have to check all items 
before they can decide whether the target is present or not. The display size in target absent 
trials in the earlier study is therefore comparable to the position of the target in the present 
study.
RESULTS
The results are shown in fi gure 4-2A. Not surprisingly, when the position of the target was further 
away from the starting point, the search times were longer (F(8,56)=229.16, p<0.001). In addition, 
the larger the separation between the items, the longer it took for the participant to fi nd the 
target (F(2,14)=50.41, p<.001). We also found an interaction between position and separation 
(F(16,112)=8.73, p<.001). This interaction is captured by the different slopes of the search 
functions for the three separations: 0.52 s/item (‘separation two’), 0.64 s/item (‘separation 
four’) and 0.80 s/item (‘separation six’).
When only considering the time in contact (fi gure 4-2B) there was no difference between 
the different separations (F(2,14)=3.53, p=.057), although we found an interaction effect 
(F(16,112)=2.00, p<.05). The slopes of the fi tted functions for time in contact were: 0.52 s/item 
(‘separation two’), 0.49 s/item (‘separation four’) and 0.51 s/item (‘separation six’). The three 
functions overlap, as can be seen in fi gure 4-2B. The difference between the slope of the static 
search function (0.58 s/item) and the slope of the search function of the current experiment 
is not signifi cant (t=1.31). The above-mentioned interaction does not appear to result from a 
systematic difference in slope between the separations. Thus the systematic differences in 
search times between the separations must have been due to the movement time being longer 
for larger separations. 
Examples of velocity profi les for the different separations are shown in fi gure 4-3. In ‘separation 
2’, where the fi nger was in contact with the next item as soon as it left an item, participants 
tended to move at a constant speed across the items. In ‘separation 6’ they stopped to scan each 
item and moved very quickly between the items. In ‘separation 4’ an intermediate strategy was 
used.
We checked whether the participants passed the target and then moved back. Although the 
participants made small movements from left to right over an item, they never moved back after 
passing an item, except for one participant who moved all the way back to the starting point if 
no target was present. Participants never moved to a next item when they were on the target.
2  In earlier studies (Overvliet, Smeets, & Brenner, 2007a; Overvliet, Mayer, Smeets & Brenner, 
2007, chapter 2 and 3 of this thesis) we used a static haptic search paradigm. Participants were sitting 
behind a curtain with their fi ngers at fi xed positions. They had to lift their fi ngers and stimuli were put 
underneath their fi ngertips. After hearing a tone they had to simultaneously put their fi ngers down on 
the stimuli and then to lift the fi nger under which they thought there was a target present. If they did 
not feel a target, they had to lift all the fi ngers. They either used two, four or six fi ngers. The search 
time was measured from the moment the fi ngers touched the stimuli to the moment that the fi rst 
fi nger was lifted.
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Figure 4-2. Total search time (A) and time in contact with items (B) for the three different separation conditions in experiment 
1. Each point represents the mean of the median search times of eight participants. The error bars represent the standard 
error of this mean. The numbers on the x-axis are the number of items scanned. The line for the static task (dashed line) is 
the fi t to the target absent condition from the Overvliet, Smeets and Brenner (2007a) study, extrapolated to 10 items.
DISCUSSION
Separation has an infl uence on the slopes of the search functions: the greater the separation 
between the items the higher the slope of the search function. However, after subtracting the 
movement time no systematic relation between item separation and slope remained, indicating 
that the participant spends the same amount of time on each item, irrespective of the separation 
between the items.  So participants apparently did not process information about an item during 
the movement to the next item.
The velocity profi les of individual trials in fi gure 4-3 suggest that the participant prefers to be 
on an item than in between items, but that there is no need to stand still on the item. In the 
‘separation two’ condition the participant’s fi nger is always in contact with an item, so he can 
use a constant speed to scan the items without losing any time, and this is what he does. In the 
‘separation six’ condition the participant checks an item and then moves very quickly to the next 
item. The participant adjusts his movement strategy to the separation, so that he stays as long 
as necessary on an item and wastes as little time as possible between items. 
We conclude that participants did not use the time between the items to process information 
about the item that they just passed. This indicates that the item must be processed completely 
before moving on to the next one. This is supported by the fact that participants did not pass the 
target and then go back to indicate that they had detected it, in contrast with the results found 
in visual search (Hooge & Erkelens, 1996; Liesker, Smeets & Brenner, 2007). Although saccades 
are much faster and cost less energy than arm movements, our study is similar to visual search in 
that no new information can be gathered once the hand moves, but information could continue 
to be processed. The absence of return movements indicates that the tactile information was 
fully processed before the movement to the next item was initiated.
If we compare the current contact times with those of the search function obtained in a static 
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haptic search experiment with exactly the same stimuli, we see that contact times in the moving 
search experiment were a little shorter than in the static search experiment (fi gure 4-2B). 
If we consider that movement planning, or cancelling a movement, takes at least 100 ms, it 
becomes clear that the information must have been processed considerably faster in the current 
experiment than in the static search experiment. This suggests that feeling by moving one fi nger 
across an item may be more effi cient than feeling by placing a fi ngertip on the item.
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Figure 4-3. Velocity profi les of typical individual trials of different participants of the three separation conditions in 
experiment 1. The circles show the start and the end of the search. The light coloured parts of the curve are the periods in 
which the digit was not in contact with an item. 
EXPERIMENT 2
We found that moving a fi nger across the items gives rise to faster information processing than 
touching the items simultaneously with multiple fi ngers. The question is whether this effect 
is caused by the movement of the fi nger or by the use of just one fi nger instead of multiple 
fi ngers. In earlier studies with similar stimuli it was shown that search times increased with 
the number of fi ngers used (Lederman, Browse, & Klatzky, 1988; Lederman & Klatzky, 1997; 
Overvliet, Smeets, & Brenner, 2007a). However, when participants had to fi nd a target between 
empty distractor elements, search times did not depend on the number of fi ngers that were used 
(Overvliet, Smeets, & Brenner, 2007a). 
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We therefore wondered whether moving the fi ngers together, so that they could form one large 
sensor, would make the moving search task more effi cient, because it would decrease the amount 
of time during which there was no contact with any item. There is evidence that exploring 
2D objects with more than one fi nger decreases reaction times and increases the proportion 
of objects that are recognized (Jansson & Monaci, 2004; Klatzky, Loomis, Lederman, Wake, & 
Fujita, 1993). However, a study on vibrotactile perception found the opposite result: a stimulus 
was recognized more often when presented to one fi nger than when presented to two fi ngers at 
the same time (Craig, 1985). 
Let us consider a few possible outcomes of our experiment. If the fi ngers form one sensor so 
that information is processed across them in parallel, search times will be shorter for large 
separations than in the one fi nger condition, because the time not in contact will decrease. If 
information cannot be processed in parallel over the fi ngers, there are two possibilities. One 
fi nger may be selected and information only processed at that fi nger, in which case the search 
times will be similar to those in the one fi nger condition. Alternatively, participants might analyze 
the information of all fi ngers serially, and thus switch regularly between fi ngers. This switching 
presumably takes time, so the search times will be longer than in the one fi nger condition.
Figure 4-4. The confi guration of the three fi ngers used to scan the items in experiment 2.
METHOD 
The same participants took part in this experiment as in experiment 1. The equipment and 
method was also the same as in experiment 1, except that now three fi ngers were used to scan 
the display. Participants had to align their index, middle and ring fi ngers and to scan the items 
with this row of fi ngers in a similar way as they did in experiment 1 (fi gure 4-4).
RESULTS
The resulting haptic search functions are shown in fi gure 4-5. The position of the target has 
an effect on the search time (F(8,56)=64.93, p<.001). The slopes of the functions for the total 
search times (fi gure 4-5A) are 0.65 s/item for the ‘separation two’ condition, 0.69 s/item for the 
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‘separation four’ condition and 0.81 s/item for the ‘separation six’ condition. For ‘separations 
four and six’ the slopes of the total search time functions are the same as those for the same 
separations in experiment 1. For ‘separation two’ the slope is higher in experiment 2 than in 
experiment 1. If we look at the function for time in contact with any of the fi ngers (fi gure 4-5B) 
the slopes are higher in experiment 2 than in experiment 1 (t=2.12, p<.05). The time in contact 
per item is 0.62 s for ‘separation two’, 0.69 s for ‘separation four’, and 0.78 s for ‘separation 
six’. Neither the average total search time, nor the contact time differed signifi cantly between 
separations (F(2,14)=2.60, p=0.11, and F(2,14)=0.31, p=0.74, respectively).
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Figure 4-5. Total search time (A), time in contact with the items (B) and contact time of the middle fi nger with the items (C) 
for the three different separation conditions in experiment 2.  For further details see caption of fi gure 4-2.
The middle fi nger was usually on the target when the participants lifted their fi ngers to indicate 
that the target had been found. We therefore also calculated the time that the middle fi nger 
was in contact with an item (fi gure 4-5C). This was on average 0.62, 0.50 and 0.41 s/item for 
‘separation two, four and six’, respectively. In ‘separation two’ the slope is much higher than 
for the index fi nger in experiment 1 (fi gure 4-2b). In ‘separation four’ it is about the same and in 
‘separation six’ the slope is lower. These lines do not have similar slopes, in contrast to what we 
found in experiment 1, so participants were clearly not only using their middle fi nger. 
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The individual velocity profi les (fi gure 4-6) suggest that participants move much more slowly 
for ‘separation two’ than for the other separations. For ‘separation four’ there is a movement 
pattern that is similar to the pattern for ‘separation two’ in experiment 1. For ‘separation 
six’ there is a comparable velocity profi le to that for ‘separation four’ in experiment 1. In the 
velocity profi le for ‘separation two’ that is shown in fi gure 4-6 one can see that the participant 
stops moving a few times. We therefore calculated the average amount of time that a participant 
stood still on an item for each condition in both experiments. This could be on any item, not 
necessarily the target. We defi ned standing still as a velocity of less than 1 cm/s. The resulting 
bar graph can be found in fi gure 4-7. In ‘separation two’ of experiment 2, the amount of time 
that participants stopped moving was on average twice as high as in all the other conditions 
measured in experiments 1 and 2 (fi gure 4-7).
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Figure 4-6. Velocity profi les of typical individual trials of different participants of the three different separation conditions 
in experiment 2. For further details see caption of fi gure 4-3.
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Figure 4-7. Average amount of time that participants held their digits still (velocity < 1 cm/s) during a trial, when scanning 
with one fi nger (experiment 1) or with three fi ngers (experiment 2).
DISCUSSION
The reason for processing times being shorter in a moving search experiment compared to a static 
experiment is evident from the current results. The time in contact in experiment 2 was higher 
than in experiment 1 for all separation conditions. So, the shorter processing times in experiment 
1 compared to a static search experiment must have been the result of the use of one fi nger 
instead of multiple fi ngers. In experiment 2, processing of information, up to the moment that 
it is clear whether the item is a target or not, has to switch from one fi nger to another and this 
switching apparently costs time. This extends our earlier fi nding that critical shape information 
cannot be processed simultaneously across the fi ngers (Overvliet, Smeets, & Brenner, 2007a; 
Overvliet, Mayer, Smeets & Brenner, 2007). Another indication that searching with three fi ngers is 
much more diffi cult comes from the amount of time that participants stop moving. In ‘separation 
two’ of experiment 2 the total time that a participant was not moving is at least twice as high 
as in all other conditions. In ‘separation 2’ there were always two items under the participant’s 
fi ngertips. To be able to process all the information and switch the information processing from 
one fi nger to the other, the fi ngers had to slow down and even came to a stop several times. 
The total search times for ‘separations four and six’ are more or less the same as in experiment 
1. The contact times are higher when using three fi ngers to scan the items. If participants had 
been able to combine the information from the three fi ngers as coming from one sensor, the 
contact times would have presumably been exactly the same as in experiment 1. Therefore, the 
total search times would have been shorter in experiment 2, because the time not in contact 
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would be smaller due to the shorter distance as a result of a wider sensor. When looking at the 
results one can clearly see that this is not the case. The information from the different fi ngers is 
thus not combined as coming from one large sensor. 
Our conclusion that searching with one fi nger is more effi cient than searching with more fi ngers is 
largely in line with the results of Symmons and Richardson (2000). In their experiment participants 
could freely explore tactile line drawings. Most of the time their participants used only one fi nger 
to explore, which is the most effi cient according to our conclusion. However, they report that 
for at least part of the exploration time, participants used multiple fi ngers close together that 
seemed to work as a single extended digit. A difference between their study and ours is that 
they used items that were bigger than the participants’ fi ngers, while in our study participants 
had to explore items a little smaller than their fi ngertips. So, their participants might have used 
multiple fi ngers to be able to feel a complete item at once, which was always possible with a 
single fi nger in our experiment. We have some evidence that feeling a single item with several 
fi ngers can speed up static haptic search as well (Overvliet, Mayer, Smeets & Brenner, 2007).
GENERAL DISCUSSION
In the introduction we discussed possibilities to get more effi cient tactile perception in a haptic 
search task. We argued that adding a separation between items could tell us something about the 
way that we process information about an item. We suggested that people do not necessarily need 
to stay in contact with an item to process information about it. In contrast with our expectations 
based on fi ndings in visual search (Hooge & Erkelens, 1996; Liesker, Smeets & Brenner, 2007), the 
results show that you fi nish tactile processing before you initiate a movement to the next item. 
This was revealed not only by the result that larger separations did not decrease the time that 
participants stayed in contact with the items, but also by the fact that participants never went 
on to the next item when they were in contact with the target. Moreover, participants adopt a 
strategy in which they spend as little time as possible between the items.
Performing the haptic serial search task with one moving fi nger was more effi cient than 
performing a static search task. There is evidence that moving a fi nger or hand over a stimulus 
(or moving a stimulus over a fi nger or hand) results in shorter recognition times than presenting 
a static stimulus to a static hand or fi nger (Heller, 1984; Phillips, Johnson, & Browne, 1983, see 
introduction). Gibson (1962) also found that dynamic touch is better than static. He rotated 
objects on participants’ fi ngertips and found that this resulted in a much better recognition rate 
than when the objects were pressed into the fi ngers. He argues that movement might help to fi lter 
out the noise, and therefore it might be easier to attend to the shape of the object. However, 
there are also studies in which no differences between static and dynamic touch were found. For 
example Pont, Kappers and Koenderink (1999) found that participants made the same systematic 
errors in curvature discrimination using dynamic and static touch, and concluded that similar 
mechanisms underlie both types of curvature discrimination. Levy, Bourgeon and Chapman (2007) 
reported similar discrimination thresholds for the discrimination of two dimensional angles for 
dynamic and static touch. A difference between these studies and the studies in which a better 
performance is found for dynamic touch is the level of interpretation that is needed to perform 
the task. In the tasks in which better performance is found an object needs to be recognized. In 
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the tasks in which equal performance was found, only a discrimination of simple shapes had to 
be made. Although our task needs very little interpretation, we did fi nd a small advantage for 
moving the fi nger over the stimuli compared to static touch with multiple fi ngers. However, we 
already concluded in the discussion of experiment 2 that this advantage is most likely caused by 
the use of just one fi nger in the moving search task compared to the use of multiple fi ngers in 
the static task, rather than being caused by the motion.
In the second experiment we found that the processing time depended on how many fi ngers the 
participant used. When the participant used more than one fi nger at the same time, the task 
became much more diffi cult and the time in contact increased considerably. The time in contact 
in the previous static experiment (Overvliet, Smeets & Brenner, 2007a) is also larger than in 
experiment 1. In both the static and the three-fi nger experiment the processing of information 
has to switch from one fi nger to another, while in experiment 1, only one fi nger is used. This 
switching apparently costs time, so the time in contact with multiple fi ngers includes both 
switching time and processing time whereas in the one-fi nger experiment there is no need to 
switch, so this contact time only consists of processing time. Thus, the improvement in processing 
time in the fi rst experiment compared to a static search task was caused by the use of one fi nger, 
the advantage of using only one fi nger being that you do not have to switch from one fi nger to 
the other, which apparently is not as easy (fast) as it seems. 
CHAPTER 5
COMBINING PROPRIOCEPTION AND TACTILE 
INFORMATION IN A HAPTIC SEARCH TASK
Overvliet, K.E., Smeets, J.B.J., Brenner, E. (under revision). Combining Tactile and Proprioceptive 
Information in Haptic Search. Acta Psychologica
To investigate how effi ciently people combine tactile and proprioceptive information we 
conducted a haptic search task in which participants had to search for either a cylinder, a bar 
or a rotated cube within a grid of aligned cubes with either one fi nger, the whole hand or both 
hands. Detecting a cylinder only requires tactile information from one fi nger. For detecting 
a rotated cube touch alone is not enough: the shape of the target is identical to that of the 
non-targets, so proprioception must provide information about the orientation of the fi nger 
and hand in space. For the bar even this is not enough. One needs proprioceptive information 
about distance and direction of a single fi nger’s movements or combined information of 
touch and proprioception from several fi ngers. When using only one fi nger, the bar was most 
diffi cult to fi nd, with search times that were much higher than for the other two targets. 
The rotated cube had slightly higher search times than the cylinder, with most errors. When 
the whole hand or both hands were used the search times were similar for all shapes. Again 
most errors were made when searching for the rotated cube. The results suggest that the 
combination of tactile and proprioceptive information is very effi cient. The errors that are 
made are the result of systematic errors in perception of orientation.
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INTRODUCTION
Searching for objects in our surroundings is a task we perform every day. Imagine trying to fi nd 
a pen in your bag while talking to someone. You have to explore the objects in your bag one by 
one to decide which one is a pen. There are some studies dedicated to haptic search. However, 
most of them focus on objects that are smaller than the fi ngertips, and the participant touches 
multiple items simultaneously (e.g. Lederman & Klatzky, 1997; Overvliet, Mayer, Smeets, & 
Brenner, 2007; Overvliet, Smeets, & Brenner, 2007a). In daily life you will rarely encounter this 
situation. The goal of this study is to investigate haptic search behaviour under conditions that 
are more like searching for an object in your bag.
Some research has been done on haptic recognition of objects that are larger than your fi ngertip, 
and people seem to be very good at recognising objects from haptic information. For example, 
Norman, Norman, Clayton, Lianekhammy, & Zielke (2004) found that the accuracy with which 
naturally shaped objects were discriminated was almost as precise when the stimuli were 
presented haptically as when they were presented visually. Behrmann and Ewell (2003) showed 
that participants were good at discriminating between two line patterns when tracing the lines 
with the two index fi ngers simultaneously. These results indicate that people are quite accurate 
in object recognition tasks in the haptic modality.
Lederman and Klatzky (1987) defi ned several ‘exploratory procedures’ with which people are 
able to extract certain features from objects in order to recognize them. For example, they 
argue that enclosure is used to determine the general shape and volume of an object, and 
contour following is used to determine the object’s exact shape. In terms of the information that 
is used, some features rely purely on touch, such as surface curvature, whereas others require 
proprioceptive information as well. For example (relative) orientation requires proprioception to 
determine either the position of the fi nger in space or the confi guration ‘within’ the hand.
To investigate how important proprioception is in the recognition of common objects we designed 
a haptic search task in which participants had to search for simple geometric objects hidden 
within a grid of cubes. 
A second point of interest is how people scan their environment haptically. Smith, Gosselin 
and Houde (2002) conducted an experiment in which participants had to tactually explore a 
surrounding in order to fi nd a raised or a recessed square. They measured the fi nger path and the 
forces that were applied to the surface. They found that participants all used similar left to right 
movements of the index fi nger to scan the environment. For the raised squares participants also 
used a relatively constant contact force. We too investigated scanning strategies in an earlier 
haptic search experiment. The participants in our task had to scan a row of items (raised circles 
and crosses on swell paper) with either 1 or 3 fi ngers to fi nd a target. Using 3 fi ngers did not 
speed up the search time (Overvliet, Smeets, & Brenner, 2007b). We wondered whether using 
more fi ngers would also not help in searching for objects that are larger than the fi ngertips, 
in which proprioception as well as touch plays a role. We therefore compared the search and 
recognition times when using a single fi nger (experiment 1) to those when using the whole hand 
(experiment 2) and even two hands (experiment 3). 
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EXPERIMENT 1
In the fi rst experiment the participants were only allowed to use their index fi nger. This has the 
advantage that the role of proprioception is easily defi ned. We used two display sizes to check 
that the search times that we fi nd are really only determined by the time needed to identify 
each item.
METHOD
Participants had to fi nd either a cylinder, a bar or a rotated cube within a grid of aligned cubes. 
Only one fi nger could be used. We measured two different display sizes: 9 and 36 objects.
PARTICIPANTS
Eight participants took part in the experiment. Seven of them were right handed. Their mean age 
was 33 years (range 26-49). Informed consent was obtained from each participant.
Figure 5-1. (A). A participant performing the task in experiment 1. (B). Close up of the display with a participant touching 
one of the targets: a rotated cube. In the foreground the two other possible targets, a cylinder and a bar, can be seen.
STIMULI AND APPARATUS
Wooden objects were placed on a table in a grid of either 3 by 3 or 6 by 6 objects, with 8 cm 
between their centres. The objects were fi xed to the table by gluing LEGO® tiles (LEGO Group, 
Billund, Denmark, item#: 306826) to the bottom of each object and attaching them to four 
LEGO® base plates (item#: 626), that were glued to a plastic surface to form a larger square 
base. In between the objects we also attached Lego® tiles (see Figure 5-1). The non-targets were 
aligned cubes with sides of 2.5 cm. The target was either a bar of 2.5 by 2.5 by 5 cm, with its long 
edge aligned with one of the edges of the non-targets (along a row or a column), a cube that was 
rotated by 45 degrees relative to the non-targets, or a cylinder with a diameter of 2.5 cm and a 
height of 2.5 cm. There were four possible starting positions just outside the grid, at the centre 
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of each of its sides. At the starting position an object was placed that had the same shape as the 
target that had to be found. IREDs were attached to the nails of both of the participants’ index 
fi ngers so that their movements could be tracked by an Optotrak system. 
PROCEDURE
There were six blocks of twenty trials, one for each combination of shape (cylinder, bar or 
rotated cube) and number of objects (9 or 36). The six blocks were presented in a different 
randomized order for each participant. The participants were blindfolded and the height of the 
table was adjusted each participant’s preference. Two practice trials were given before starting 
each block. At the beginning of each trial the experimenter placed the tip of the index fi nger of 
the participant’s dominant hand at a randomly selected starting position. As soon as the starting 
signal was given the participant could start exploring the objects. As soon as they found the 
target they had to lift the index fi nger of their non-dominant hand. The maximum exploration 
time was 100 seconds.
ANALYSIS
Search time is defi ned as the time from the moment the dominant hand started to move until the 
moment that the index fi nger of the non-dominant hand started moving upwards. To calculate 
the time spent per object, the search time was divided by the number of explored objects. The 
errors that participants made were divided into three categories: indicating that a normal cube 
was the target, indicating that the starting position (which had the same shape as the target 
but was outside the grid) was the target, or not fi nding the target within the maximum time of 
100 seconds. We used a repeated measures ANOVA with the factors shape (bar, rotated cube, 
cylinder) and display size (9 or 36) to evaluate whether any of these factors has an infl uence on 
the median time spent per object by each participant for each of the combinations of shape and 
display size.
RESULTS AND DISCUSSION
Some examples of scan patterns on individual trials are shown in Figure 5-2. Participants tend to 
be very systematical, adopting either a ‘zigzag’ strategy (A,B) or a ‘reading’ strategy (C), going 
line by line or column by column through the display. Participants used different ways to touch 
the objects, for example in fi gure 5-2A the edges of the objects are touched and in fi gure 5-2B 
the participant tends to scan over the top of the objects.
The exploration times per object for each condition are shown in fi gure 5-3A. We performed a 
repeated measures ANOVA with factors display size (9 or 36) and shape (bar, rotated cube, or 
cylinder) on the time spent per object for each participant and found a main effect for shape of 
the target (F=51.7, p<0.001), but not for display size (F=0.398).
We performed paired samples t-tests on the median times per object to investigate for which 
shapes the times differ from each other. We found that all the values for the different shapes 
differed from each other (p<0.001). The time per object was highest when the bar was the target. 
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This is probably because participants had to explore a larger part of the objects to be able to 
discriminate a bar from the cubes. The rotated cube is discriminated from the other cubes a little 
(but signifi cantly) slower than the cylinder, suggesting that it takes longer to discriminate objects 
from each other when you need proprioception to make the distinction. 
Figure 5-2. Typical scan patterns for three different participants in the fi rst experiment (one fi nger). (A) The target was a 
bar and the starting position was at the bottom of the display. Search time in this trial was 46 seconds. (B) The target was a 
rotated cube and the starting position was at the right of the display. Search time in this trial was 36 seconds. (C) The target 
was a cylinder, and the starting position was located at the left of the display. Search time in this trial was 23 seconds.
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Figure 5-3. Results of experiment 1. (A) Average time spent per object explored. The median time across trials was 
determined for each participant and condition. The fi gure shows means and standard errors (of these median times) across 
participants. (B). Mean percentage of errors (in which participants indicated that a non-target was a target) for each shape 
and display size (with standard errors).
Participants made different kinds of errors. Their most common error (on average 2 % of the 
trials) was indicating that they had found the target while touching a non-target. These are the 
most interesting errors, and are shown in Figure 5-3B. They occurred particularly frequently 
when the target was a rotated cube. A second type of errors was that the participants indicated 
that the starting position (which had the same shape as the target) was the target (on about 1% 
.. 70 ..
Chapter 5
of the trials). In the bar condition a third type of errors occurred: participants also occasionally 
failed to fi nd the target within the allocated time (on about 0.67% of the trials). Interestingly, no 
errors at all were made for the cylinder, for which no proprioceptive information was needed to 
discriminate it from the cubes. 
In summary, in this experiment we found that when proprioception and tactile information need 
to be combined to solve the task, discrimination between shapes takes longer and produces more 
errors. Display size had no effect, indicating that the time needed to identify the objects and 
move between them determines the search time, without speeding up or slowing down when 
only a few items had to be scanned.
EXPERIMENT 2
In an earlier study on haptic search with fi nger movements we found that increasing the number 
of fi ngers that participants are allowed to use does not decrease search times (Overvliet, Smeets 
& Brenner, 2007b). It seemed that participants could not integrate information that was received 
from the different fi ngertips and that the time that it costs to switch between the fi ngers even 
slows down the search. This was a rather surprising fi nding, so we wanted to investigate whether 
this effect also takes place in a task in which objects are used that are larger than the fi ngertips. 
From a different study we have some suggestion that if the fi ngers feel the same object they do 
not work completely independently (Overvliet, Mayer, Smeets & Brenner, 2007). In the second 
experiment participants had to perform the same search task as in experiment 1, but they were 
allowed to use the whole hand.
 
Figure 5-4. Close up of the display with the participant touching a non-target with the whole hand.
METHOD
The same eight participants took part and the same setup was used as in experiment 1. The only 
difference was that the participants were allowed to use their whole hand to scan the display 
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(Figure 5-4). Because we did not fi nd any differences between display size 9 and 36 in the one- 
fi nger experiment, we only measured display size 36 in this experiment. We attached IREDs to all 
the fi ngertips, but for the analysis we only used the one on the middle fi nger. The participants 
were tested on this experiment approximately 6 months after experiment 1, so we do not expect 
any infl uence of the former experiment. To analyze the data we used a repeated measures ANOVA 
with 2 factors: shape (bar, rotated cube and cylinder) and hand (one fi nger or whole hand), as 
in experiment 1.
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Figure 5-5. Results of experiment 2. For further details, see fi gure 5-3. 
RESULTS AND DISCUSSION
The search times per item are shown in Figure 5-5A. The light bars are the data for display size 36 
from experiment 1 (they are the same as the light bars of fi gure 5-3). We performed a repeated 
measures ANOVA with factors fi ngers (one or all) and shape (bar, rotated cube or cylinder) on 
the times per object. We found a main effect of fi ngers (F=21.4, p<.001), a main effect of 
shape (F=65.4, p<0.001) and an interaction between these two factors   (F=33.7, p<0.001). To 
investigate whether the effect of number of fi ngers used is present in all three shape-conditions, 
we performed paired samples t-tests comparing one fi nger with the whole hand search for each 
of the different shapes. We found that for both the bar and the rotated cube searching with 
the whole hand is signifi cantly faster than searching with only one fi nger (bar, t=6.6, p<0.001; 
rotated cube, t=2.9, p<0.05). For the cylinder we did not fi nd a signifi cant difference. 
Participants only made errors (in which they indicated a non-target to be a target) when searching 
for the rotated cube and even for that target they tended to make fewer errors (in which they 
indicated a non-target to be a target) when using the whole hand than they had when using only 
one fi nger (experiment 1, difference not signifi cant). Participants also indicated the object at 
the starting position to be the target in 0.67 % of the trials.
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EXPERIMENT 3
In this experiment we allowed the participants to scan the display with two hands. By doing so 
we could investigate whether people can process information coming from two hands in parallel. 
If this is possible the time per cube will be more or less half of the time per cube in experiment 
2.
METHOD
The same setup was used as in experiments 1 and 2. The participants who participated in this 
experiment had a mean age of 32 years (range 25-47). They were different participants than in 
experiments 1 and 2. Two of them stated to be left handed.
In this experiment, participants could use both hands to search, and were asked to lift the hand 
with which they found the target. Both hands were at the starting position. Search time was 
defi ned from the moment one of the hands started moving, until the moment that the hand 
that had felt the target (or at least the participant thought so) started moving upwards. We 
performed an univariate ANOVA with factors hands (one or two) and shape (bar, rotated cube and 
cylinder) on the times per object.
Figure 5-6. Typical scan patterns for three different participants in experiment 3 (two hands). The gray and the white lines 
indicate the different hands. (A) The target was a rotated cube and the starting position was located at the bottom of the 
display. Search time was 13 seconds. (B) The target was a rotated cube and the starting position was located at the right 
of the display. Search time was 15 seconds. (C) The target was a bar and the starting position was located at the bottom of 
the display. Search time was 9 seconds.
RESULTS AND DISCUSSION
Scan patterns from individual trials of three different participants are shown in Figure 5-6. They 
show that, again, the participants are very systematic in scanning the display. Both hands make 
similar movements, often resulting in symmetrical scan patterns (A,C).
The times per object (in comparison with those of experiment 2) are shown in Figure 5-7A. We 
found a main effect of the number of hands (F=26.9, p<0.001), and no effect of shape. To be 
sure that the effect of the number of hands was signifi cant in all the different shape conditions, 
we performed an independent samples t-test for each shape. We found that searching with two 
hands is signifi cantly faster for all three target shapes (bar t=3.05, p<0.01; cube t=3.02, p<0.01; 
cylinder t=2.96, p<0.01).
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Participants made very few errors. The percentages of errors (in which the participants indicated 
a non-target to be a target) are shown in Figure 5-7B. Participants also indicated the object at 
the starting position to be the target in 0.17 % of the trials.
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Figure 5-7. Results of experiment 3. For further details, see fi gure 5-3. 
In both the bar and the cylinder conditions participants did not make any errors at all. Apparently 
it is very easy to discriminate these objects with a whole hand. The search times are almost 
halved by using two hands, indicating that information can be processed in parallel over the two 
hands. 
GENERAL DISCUSSION
When both proprioception and tactile information were needed to identify the target, participants 
either made more errors (rotated cube) or took much longer (bar) than when only tactile 
information was needed (cylinder). The longer times taken to fi nd a bar when using only one 
fi nger is logical because of the need to dynamically explore each item. As soon as the participant 
is allowed to use his whole hand to explore the objects, the bar has similar exploration times as 
the rotated cube and the cylinder, because by enclosing the object within the hand participants 
are able to recognize the shape instantly. This indicates that it was indeed the movement that 
slowed down the recognition of the bar when using one fi nger in experiment 1, rather than having 
to combine proprioception and tactile information. 
The errors in fi nding the rotated cube indicates that proprioceptive information about the 
orientation of the fi ngers and hands is not very reliable. That it took participants only slightly 
longer to detect the rotated cube than the cylinder suggests that having to combine touch with 
information about the orientation of the fi nger does not automatically result in much longer 
recognition times. 
When participants use two hands to explore the display the search times are much shorter, 
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almost half the length of the exploration times in experiment 2, where participants were only 
allowed to use one hand. Other studies have also shown faster performance when using two 
hands instead of one. For example Bradshaw, Nicholls and Rogers (1998) found that completion 
times and error rates were higher in an intramanual than in an intermanual tactual matching 
task. Also Craig (1985) found much better performance on  a two handed pattern recognition task 
than on a one handed task.
The fact that we always found most errors for the rotated cube could be the result of the 
perceived haptic space showing large deviations from the actual physical space. We obviously 
aligned our objects in physical space. Kappers (1999; 2004) found that in the horizontal plane 
human perception of what is parallel is far from veridical. Large systematic deviations were 
found in a task in which participants had to rotate a bar in such a way that it feels parallel 
to a reference bar. The orientation of the hand has a large infl uence on these deviations, 
implying that participants do not take their hand orientation into account suffi ciently (Kappers & 
Viergever, 2006). Finding more errors for the larger display size when searching for rotated cubes 
in experiment 1 is in line with Kappers et al.: for the larger display size the total distances are 
larger and the orientation of the hand changes more during the exploration of the display, so the 
systematic errors will also be larger. These systematic errors probably underlie at least some of 
the incorrect responses.
We conclude that the combination of tactile and proprioceptive information is very effi cient.

CHAPTER 6
FINGER POSITION INFLUENCES WHETHER 
YOU CAN LOCALIZE TACTILE STIMULI
Overvliet, K.E., Anema, H.A., Brenner, E., Dijkerman, H.C. Smeets, J.B.J. (to be submitted). 
Finger Position Infl uences Whether You Can Localize Tactile Stimuli.
Participants had to localize tactile stimuli applied to their fi ngertips. We measured the number 
and locations of errors that participants made in three confi gurations: fi ngers together, fi ngers 
spread and fi ngers interwoven. We reasoned that if there are tactile receptive fi elds that span 
more than one fi nger, fewer errors will be made when the fi ngers are spread. We indeed found 
that fewer errors were made when the fi ngers were spread. However, the reduction of errors was 
not specifi c to the neighbouring fi ngers. This suggests that more distinct information about the 
positions of the fi ngers can improve tactile detection.
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INTRODUCTION
When you touch an object with your hands to determine what you are touching, it is very 
important to know the positions of the fi ngers. To be able to integrate the tactile information 
that is collected by your fi ngertips to form judgements about a single object, you need to take 
both the spatial coordinates of and proprioceptive information from the fi ngers into account. It is 
known from many studies that limb position has an infl uence on the perception of tactile stimuli. 
Already in 1964, Natsoulas and Dubanoski emphasized that the fi nal perceptual experience of 
tactile stimulation depends on the orientation of the stimulated skin (Natsoulas & Dubanoski, 
1964). 
Several studies have produced results that indicate that spatial information does not only affect 
perception, but even tactile identifi cation. Yamamoto and Kitazawa (2001) demonstrated that 
the participantive temporal order of two stimuli delivered to the two hands depends critically 
on whether the two arms are crossed or uncrossed. When the arms were crossed participants 
sometimes misreported the order of the stimuli. Yamamoto and Kitazawa suggest that participants 
ordinarily base their judgments on a reconstruction of the spatial locations of the stimuli in the 
external world, a process that takes time and requires information about the locations of the 
two hands.
Effects of spatial proximity between two neighbouring limbs on tactile detection are revealed by 
a study by Soto-Faraco, Ronald and Spence (2004). Their participant made judgments about the 
presence and location of a vibrotactile stimulus presented to the thumb or index fi nger of one 
hand, while attempting to ignore distractor stimuli on the thumb and index fi nger of the other 
hand. They showed that when the position of the target and distractor were on congruent digits 
the reaction times were shorter and error rates were lower. The difference between congruent 
and incongruent presentations was smaller when the position of the target and distractor 
in external space were further apart. Apparently the effect is not (only) dependent on the 
stimulated skin sites, since the positions of the arms determined the strength with which the 
stimuli infl uenced each other.
The above-mentioned studies demonstrate an infl uence of arm position on tactile detection 
and localization. Only a few studies investigated the infl uence of the position of the fi ngers on 
detection or localization. Haggard, Kitadono, Press and Taylor-Clarke (2006) conducted a few 
experiments in which they investigated how information from both the fi ngers and the hands 
are processed in the brain. They touched the fi ngertips of participants whose task was to either 
detect the stimulus, or indicate which fi nger (but not of which hand) was stimulated, or indicate 
which hand (but not which fi nger) was stimulated. They used different hand confi gurations, two 
of which were holding the hands next to each other and holding them so that the fi ngers were 
interwoven. They found an increase in error rate when the fi ngers were interwoven in the hand 
discrimination task, but not in the fi nger discrimination task. They concluded that hands and 
fi ngers were processed separately, and that the confi guration of the hands did not have an effect 
on the identifi cation of the stimulated fi nger.
However, a study by some of the current authors comes to the opposite conclusion (Overvliet, 
Mayer, Smeets & Brenner, 2007). Participants had to detect the absence of a line under one fi nger 
when their fi ngers were in different confi gurations: all fi ngers on a single straight line with an 
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interruption or the fi ngers in a relaxed position with separate line segments under all but one 
fi nger pad. In the condition in which the fi ngers were on a straight line detection was much 
faster than when the fi ngers were in a relaxed position, so the confi guration of the fi ngers clearly 
infl uenced detection. In that paper it was concluded that the fact that the felt line segments 
formed a single object was critical. However, it could also be that the fi ngertips have overlapping 
receptive fi elds when they are closer together, as is the case when the fi ngertips are in line, 
making it easier to combine the information.
Schweizer, Maier, Braun and Birnbaumer (2000) concluded that overlapping receptive fi elds must 
exist. They studied the distribution of errors that participants made when localizing the fi nger 
that was stimulated with a Von Frey hair at threshold level. They found a larger percentage 
of errors for potential stimulation points that were closer to the actual stimulation point than 
would be expected on basis of chance. They concluded that overlapping receptive fi elds are 
responsible for this pattern of results. However, they only used one fi nger confi guration, so they 
could not distinguish between anatomically and spatially defi ned receptive fi elds. 
If the fi nding of Schweizer et al. (2000) is the result of spatially overlapping receptive fi elds, they 
will overlap less when the fi ngers are further apart. Fewer errors to the neighbouring fi nger will 
therefore be made in this fi nger confi gurations than for a fi nger confi guration in which the fi ngers 
are very close to each other. To test this hypothesis we used a variation on the paradigm used by 
Schweizer et al. (2000) and studied the errors that participants made in localizing a near-threshold 
stimulus presented to one of thirty locations at the fi ngertips. We used three different fi nger 
confi gurations: fi ngers together, fi ngers spread and fi ngers interwoven. If spatially overlapping 
receptive fi elds are involved, participants will make fewer errors to the neighbouring fi nger in 
the ‘fi ngers spread’ confi guration, compared to the ‘fi ngers together’ and ‘fi ngers interwoven’ 
confi guration. 
EXPERIMENT
PARTICIPANTS
Ten participants, two male and eight female, with an average age of 27.5 (range 20-38), 
participated in this experiment. One participant stated to be left handed.
STIMULI AND SETUP
We used a point localization test. The stimulus that was used was a Von Frey hair of 0.07 grams 
(North Coast Medical, Touch-Test, Sensory Evaluator Size 2.83). We chose this size, because 
earlier fi ndings by other experimenters indicated that this generated an error rate of about 50% 
(Schweizer, Braun, Fromm, Wilms, & Birnbaumer, 2001; Schweizer et al., 2000). Three fi nger 
confi gurations were measured: fi ngers close together, fi ngers spread and fi ngers interwoven 
(Figure 6-1A-C). We marked 3 evenly distributed and aligned dots in the middle of each fi nger 
pad of both hands of the participant, at 0.25, 0.5 and 0.75 of the total fi nger width . A map of 
the two hands, with the numbered positions (Figure 6-1D) was attached to the screen in such a 
way that the participant could easily read it.
There were 150 trials for every fi nger confi guration: 5 repetitions for each of the 30 possible 
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stimulation locations. The three fi nger confi gurations were measured in different blocks, 
counterbalanced in order across participants. Within a block the 150 trials were presented in a 
random order.
Figure 6-1. The different fi nger confi gurations used in the experiment: (A) fi ngers together, (B) fi ngers spread, and (C) 
fi ngers interwoven. (D) The map of the two hands that was shown to our participants, with numbered dots indicating the 
possible stimulation sites.
PROCEDURE
After the experimental procedure was explained to the participant and the informed consent 
form was signed, participants were seated behind a screen. They were asked to stretch their arms 
through the hole in the screen and put their hands with their palms up on a pillow, assuming one 
of the three fi nger confi gurations (Figure 6-1A-C). A warning signal indicated that the stimulus 
was going to be applied, after which the stimulus was applied at one of the thirty marked 
locations. The task for the participant was to name the location at which they felt the stimulus. 
If they did not feel the stimulus they were asked to guess anyway. The experimenter entered the 
named location in the computer and the next trial started.
To analyze the data we performed a repeated measures ANOVA on the numbers of errors in 
the different fi nger confi gurations. After fi nding an effect we used a paired samples t test to 
investigate what caused the effect in the ANOVA.
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RESULTS 
The proportions of errors were 0.56 ± 0.04, 0.44 ± 0.05, 0.60 ± 0.05 for fi ngers together, fi nger 
spread and fi ngers interwoven respectively. Thus our participants’ performance was similar to 
that of the participants in the study of Schweizer et al. (2000). We found a main effect of fi nger 
confi guration on the number of errors (F=28.04, p<0.001). A paired samples t-test revealed that 
both fi ngers together and fi ngers interwoven yielded more errors than fi ngers spread (t=5.02, 
p<0.01; t=7.20, p<0.001 respectively). Fingers together and interwoven did not differ from each 
other (t=1.99, p=0.08).
This result is in line with the prediction based on extended spatial receptive fi elds. However, the 
hypothesis of overlapping receptive fi elds makes a more specifi c prediction: that the difference 
between the conditions should be in the errors towards neighbouring fi ngers. We therefore 
determined the frequencies (Figure 6-2A) with which responses were correct, shifted by one 
position within a fi nger when the middle dot was stimulated, shifted by one position within a 
fi nger when one of the side dots was stimulated, shifted by one position to the neighbouring 
fi nger (which can obviously only happen when one of the side dots was stimulated), and shifts of 
more than one position. These values are plotted in fi gure 6-2A (transparent bars with symbols), 
the values of these bars add up to 150 responses per fi nger confi guration. We defi ned a shift to 
the neighbouring fi nger in spatial terms , which is  a fi nger of the other hand in the interwoven 
condition. This analysis shows that the fi nger confi guration has not only an effect on responses to 
dots on a neighbouring fi nger, but also to fi ngers further away. Moreover, there was no effect of 
fi nger confi guration on errors within the fi ngers.
These results indicate that overlapping receptive fi elds cannot be the whole explanation of 
the results.  In order to check whether there is a difference in responses to a neighbouring 
fi nger compared to responses to dots on other fi ngers, we normalized all the frequencies of 
responses in relation to the number of response possibilities and the proportion of trials in which 
this response could be given. Doing so clearly shows that most of the errors were made within 
the fi nger. The probability of choosing the neighbouring dot on the next fi nger was not much 
higher than that of choosing any other dot on another fi nger. A repeated measures ANOVA with 
factors hand confi guration (together, spread, interwoven) and response position (neighbouring 
dot on the next fi nger, any other dot on an incorrect fi nger) revealed no main effect of response 
position, but a main effect of hand confi guration (F=8.85, p<0.01). As was to be expected from 
the analysis of the number of correct responses, paired samples t-tests showed that there was 
a higher proportion of such incorrect responses in the conditions with both fi ngers together and 
interwoven than with the fi ngers spread (together vs. spread, t=3.46, p<0.01; interwoven vs. 
spread, t=4.46, p<0.001). We also found an interaction effect between fi nger confi guration and 
response position (F=3.9, p<0.05).
In order to determine whether the identity of the hand matters in localizing the stimulus, we 
plotted the distance of the response from the target fi nger in terms of the number of fi ngers 
rather than positions on the fi ngers (fi gure 6-2B). The distance from the stimulated fi nger within 
the target hand is shown in the upper panel and the distance from the corresponding fi nger of 
the other hand is shown in the lower panel. To test whether the errors were evenly distributed 
over fi ngers, we performed a repeated measures ANOVA on all distances except distance 0 on
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Figure 6-2. Frequencies of responses averaged over all participants (with standard errors). (A) Symbols (transparent bars): 
the absolute number of responses. Bars: the number of responses per point considering the proportion of trials on which 
such a response could be made (e.g. for responding at the neighbouring point within a fi nger when the central point was 
stimulated there are two possibilities and the central point was stimulated on 1/3 of the trials). (B) Normalized frequencies 
(as above) for all possible numbers of fi ngers from the target on the stimulated hand (upper panel) or the other hand (lower 
panel). The positions on the other hand are calculated as if the same fi nger of that hand were stimulated.
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the same hand. We found a main effect in error responses for both fi nger confi guration and 
distance (F=9.62, p<0.001 and F=12.66, p<0.001 respectively) and also an interaction effect 
between these two factors (F=3.59, p<0.001). This main effect is caused by distance 0 on the 
opposite hand. However, the responses on this distance are signifi cantly lower than chance level 
(t=-6.65, p<0.001; t=-21.00, p<0.001; t=-4.70, p<0.001; for fi ngers spread, together, interwoven 
respectively). 
DISCUSSION
Our hypothesis was that there would be fewer errors to the neighbouring fi nger in the fi ngers 
spread confi guration than in the other two confi gurations, because in the latter cases one would 
have a larger overlap of the (spatial) receptive fi elds. We indeed found fewer errors in the ‘fi ngers 
spread’ confi guration compared to the ‘fi ngers together’ and ‘fi ngers interwoven’ confi gurations. 
However, in all three conditions there were much more errors to the neighbouring dot on the 
same fi nger than to the neighbouring dot on the next fi nger (fi gure 6-2A). Moreover, errors to the 
neighbouring fi nger occurred as frequently as errors to any other fi nger. These results show that 
the only difference between the conditions is the likelihood of correctly identifying the target. 
This indicates that spreading the fi ngers helps in localizing the target, but not because of the use 
of overlapping receptive fi elds. 
In the fi ngers spread and fi ngers interwoven confi gurations the confi guration of the hand is 
the same, so the proprioceptive information from the fi ngers is presumably also the same. 
However, we found more errors in the fi ngers interwoven confi guration. This indicates that not 
only proprioceptive information about fi nger confi guration is relevant. Some kind of spatial 
information must also be involved, such as tactile information from the side of the fi ngers or 
proprioception from the arms. In the fi ngers together condition the confi guration of the hand was 
different, which may have infl uenced the sensitivity to touch.
Haggard et al. (2006) claim that the hands are localized separately from the fi ngers. If that 
were so one would expect an exceptionally large number of responses to the same fi nger of the 
opposite hand. We clearly did not fi nd this, as the responses are signifi cantly lower than chance 
level (fi gure 6-2B). So, perception of the position of the hands and fi ngers are infl uenced by the 
same spatial information.
 In summary, we found fewer errors in the fi ngers spread confi guration. However, the distribution 
of the errors was similar in all three fi nger confi gurations. This suggests that more distinct 
information about the positions of the fi ngers can improve tactile detection.
CHAPTER 7
SUMMARY AND DISCUSSION
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Most people perform haptic search tasks so now and then, for example when you try to fi nd a pen 
in your bag to write down a phone number while you are talking to someone. Finding a pen in 
your bag seems to be a lot more complicated than you would think. The experiments described in 
this thesis were all designed to get clearer knowledge about the way we perceive and recognize 
objects with our fi ngers. The way tactile information from the fi nger pads and proprioception 
about the position of the arms, hands and fi ngers is processed and combined were investigated 
using mainly the haptic search paradigm. 
OVERVIEW OF CHAPTERS
To investigate how the touch sense handles information collected by the different fi ngertips, 
several experiments were conducted. In chapter 2, a model is proposed that describes parallel 
and serial processing across the fi ngers. To test this model, participants performed three haptic 
search experiments, in which a target and distractors were presented to the fi ngertips of healthy 
participants. They indicated either a target’s presence by lifting the corresponding fi nger, or its 
absence by lifting all fi ngers. In one experiment the target was a cross and the distractors were 
circles. In another the target was a vertical line and the distractors were horizontal lines. In both 
cases we found a serial search pattern. In a fi nal experiment the target was a horizontal line 
and the distractors were surfaces without any contours. In this case we found a parallel search 
pattern. We conclude that the model can describe our data very well. 
In a haptic search task as described above, separate items are presented to individual fi ngertips. 
The time to fi nd a specifi c item generally increases with the number of items, and thus with the 
number of fi ngers. Is it the number of items or the number of fi ngers that determines search time? 
In chapter 3, we conducted a second study in which tactile horizontal line stimuli were presented 
to either two, four or six of the participants’ fi ngertips. The task for the participant was to lift 
the fi nger under which they did not feel (part of) a line. In one of the conditions separate non-
aligned lines were presented to the fi ngertips, so that the number of items increased with the 
number of fi ngers used. In two other conditions the participants had to fi nd an interruption in a 
single straight line under one of the fi ngertips. These conditions differed in the size of the gap. 
If only the number of items in the tactile display were important, search times would increase 
with the number of fi ngers in the fi rst condition, but not depend on the number of fi ngers used 
in the other two conditions. In all conditions we found that the search time increased with the 
number of fi ngers used. However, this increase was smaller in the single line condition in which 
the gap was large enough for one fi nger to not make any contact with the line. Thus, the number 
of fi ngers involved determines the haptic search time, but search is more effi cient when the 
stimulus can be interpreted as consisting of fewer items.
In chapter 4 the infl uence of movement on the perception of small tactile stimuli was studied. Two 
haptic serial search tasks were used to investigate how the separations between items, and the 
number of fi ngers used to scan them, infl uence the search time and search strategy. In both tasks 
participants had to search for a target (cross) between a fi xed number of non-targets (circles). 
The items were placed in a straight line. The target’s position was varied within blocks, and 
inter-item separation was varied between blocks. In the fi rst experiment participants used their 
index fi nger to scan the display. As expected, search time depended on target position as well 
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as on item separation. For larger separations participants’ movements were jerky, resembling 
‘saccades’ and ‘fi xations’, while for the shortest separation the movements were smooth. When 
only considering time in contact with an item, search times were the same for all separation 
conditions.  Furthermore, participants never continued their movement after they encountered 
the target. These results suggest that participants did not use the time in between the items 
to process any information about them. When comparing these results to the results of the fi rst 
study, where the participants were shown multiple items to their fi ngertips simultaneously, the 
search times were a little faster in this study. To investigate whether this effect is caused by 
the movement of the fi nger or by the use of just one fi nger instead of multiple fi ngers, we asked 
participants to put three fi ngers in line and use them together to scan the items in a second 
experiment. Compared to the fi rst experiment, time in contact with the items increased for 
all separations, so it was the use of one fi nger that caused the faster search times in the fi rst 
experiment compared to the static search experiment. This may have been caused by the time 
that it takes to switch from one fi nger to the other.
In chapter 5 larger stimuli were used. To investigate how well people are able to combine tactile 
and proprioceptive information, we conducted a haptic search task in which participants had to 
search for either a cylinder, a bar or a rotated cube amongst cubes with one fi nger. To detect a 
cylinder only tactile information is needed. For detecting an oriented cube touch alone is not 
enough. The shape is identical, so it is only detectable in combination with static proprioception 
(orientation of the fi nger in space). For the bar one must mainly rely on a combination of touch 
and dynamic proprioception (distance and direction of one’s movements). The bar was most 
diffi cult to fi nd with search times that were much higher than for the other two conditions. The 
oriented cube had similar search times to the cylinder but it produced most errors. This suggests 
that combining proprioception with tactile information does not take additional time but it does 
result in additional errors. In a second experiment participants were allowed to used their whole 
hand. The exploration time per item was much lower for bar and oriented cube and for cylinder 
it was the same as in the one fi nger condition, moreover the search times for the different shape 
conditions were the same in the whole hand condition. The proportion of errors was lower in the 
whole hand condition than in the one fi nger condition. These results indicate that when using 
objects that can be enclosed by the hand, proprioception is not an important factor when using 
the whole hand. We also included a condition in which the participant could use two hands. 
By doing so, the search times halved compared to. This indicates that two hands can process 
information in parallel.
The last chapter (chapter 6) describes a study in which the infl uence of fi nger confi guration on 
the ability to localize a tactile stimulus was studied. Participants had to localize tactile stimuli 
applied to their fi ngertips. We measured the number and locations of errors that participants 
made in three confi gurations: fi ngers together, fi ngers spread and fi ngers interwoven. We reasoned 
that if there are tactile receptive fi elds that span more than one fi nger, fewer errors will be made 
when the fi ngers are spread. We indeed found that fewer errors were made when the fi ngers 
were spread. However, the reduction of errors was not specifi c to the neighbouring fi ngers. This 
suggests that more distinct information about the positions of the fi ngers can improve tactile 
detection.
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VISUAL SEARCH
The experiments in chapter 2 are most comparable to the traditional visual search paradigms 
used by for example Treisman and Gelade (1980). In this paradigm a target has to be found 
between varying numbers of distractors, which are shown in the visual fi eld. It is generally found 
that the search time increases with the number of distractors (serial search), unless the target 
has a characteristic feature that the distractors do not have (parallel search). The serial search 
functions we found in the static search experiments of chapter 2 are similar to serial search 
function found by Treisman and Gelade. However, the parallel search pattern (also found in 
chapter 2) is different than the one that is normally found in visual search. In visual search a 
search is considered to be parallel when both the functions for target present and absent have 
a zero slope (e.g. Brown et al., 1992b; Treisman & Gelade, 1980). In visual search the number 
of items in the display is varied, but in static haptic search also the number of fi ngers is varied. 
This might be the cause of the difference between visual and haptic search patterns. To further 
investigate this we designed an experiment that is described in chapter 3. We investigated 
whether the number of fi ngers or the number of items is more important in determining the 
search time. We found that it is mainly the number of fi ngers that determines that the search is 
serial. So the difference between the patterns in haptic and visual search can be explained by the 
use of multiple sensors in haptics compared to just one visual fi eld (or two retinas) in vision.
The other haptic search experiments (chapter 4 and 5) are more comparable to visual search 
experiments in which eye movements have to be made. In chapter 4 is investigated what infl uence 
spacing between items has on haptic search strategies. It was found that the fi nger has to stay in 
contact with an item in order to process it. After processing of an item is fi nished one can leave 
the item and move on to the next one (chapter 4). In visual search is found that participants 
continue to the next item, and then return to the item they just saw, even if they have to 
make hand movements to move their fi eld of view (Hooge & Erkelens, 1996; Liesker, Smeets, & 
Brenner, 2007). 
TOUCH AND HAPTICS
Parallel and serial search times are apparently determined by the use of multiple fi ngers (chapter 
2 and 3). Either one has to switch from one fi nger to another, or has to wait till all fi ngers have 
fi nished processing (chapter 2). Also in chapter 4 and 5 we fi nd that fi ngers can either work 
together (parallel processing) or are interfering with each other (serial processing, with time 
costs for switching from one fi nger to the other). When in touch with objects that are bigger 
than the size of one’s fi ngertip it is relatively easy to combine the information that is gathered 
at the different fi ngertips. However, when in touch with small objects it is much more diffi cult 
to combine this information, which results in serial processing with time costs for switching 
between the different fi ngers. When an object is bigger than the fi ngertip, proprioception can 
help in the recognition of this object (chapter 3 and 5). 
These conclusions are in agreement with the studies on the anatomy of somatosensory cortex 
I and II (SI and SII) mentioned in the introduction. In SI there are areas in which each fi nger 
has its own representation (Kurth et al., 2000), so low level discrimination between two items 
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could happen in SI. Whether these items are processed serially or in parallel, depends on the 
characteristics of the stimuli (Lederman & Klatzky, 1997). When the items that are touched are 
larger than a fi ngertip, more fi ngers are needed to recognize the object. Recognition where 
proprioception is needed take apparently place in SII, because in SII there are areas in which the 
posture of the hands can modulate the representations of the fi ngers and there are overlapping 
receptive fi elds over fi ngers present (Hamada & Suzuki, 2005; Simoes et al., 2001). We found 
in chapter 6 that these overlapping receptive fi elds are not used when localizing simple tactile 
stimulation at the fi ngertips, so apparently these localizations are already made in SI.
SEARCHING FOR A PEN
To return to the search for your pen: according to chapter 2 it is diffi cult to process spatial 
features in parallel, except when just one of your fi ngers feels a stimulus. Touching more than 
one object with one hand can in that sense make the search process a lot more complex. On 
the other hand, when you touch one pen with multiple fi ngers, it speeds up recognition time 
considerably (chapter 3). When there is enough space in your bag to move your fi nger over the 
pen, it helps to get information about the shape of the object (chapter 5), however it does 
not necessarily speed up the processing of the spatial characteristics of an object (chapter 4). 
When using the whole hand to enclose the pen you do not even have to take proprioception into 
account and you can feel the shape immediately (chapter 5). If you want to be twice as fast as 
using your whole hand, you have to use two hands (chapter 5).
FINAL REMARKS
We now know a bit more about the way people scan their environment in the haptic modality 
and how information collected by the fi ngertips is processed into a single or multiple percepts. 
However, there are many more interesting factors one could look at. For example, in this 
thesis I only looked at different spatial characteristics of objects, but did not take other object 
dimensions into account, such as material properties. It may be much easier to fi nd a pen made 
out of metal than a pen made of plastic between for example wooden pens. Processing other 
kinds of tactile information might be very different than processing spatial information.
Holding multiple objects in one hand can also be investigated. How do you feel that you are 
holding multiple objects in stead of one object and how can the different information sources 
from your hand be combined to get multiple percepts? How do you recognize the different 
objects you are holding?
Furthermore, in daily life you rarely encounter that you need to search for something in the 
complete lack of visual information. When searching for a pen in your bag visual information is 
still present, although it is not relevant. Can this non-relevant information help you in knowing 
where your hand is? 
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De meeste mensen voeren zo af en toe een haptische zoektaak uit, bijvoorbeeld wanneer je 
probeert een pen in je tas te vinden om een telefoonnummer op te schrijven, terwijl je met 
iemand aan het praten bent. Het vinden van een pen in je tas is veel gecompliceerder dan je in 
eerste instantie zou denken. De experimenten die beschreven zijn in dit proefschrift zijn allemaal 
bedacht om kennis te vergaren over de manier waarop we objecten waarnemen en herkennen 
met onze vingers. In dit proefschrift is de manier waarop tastinformatie van de vingertoppen 
en de kennis over de stand van de armen, handen en vingers (proprioceptie) wordt verwerkt en 
gecombineerd onderzocht door middel van haptische zoektaken. 
OVERZICHT VAN DE HOOFDSTUKKEN
Om te onderzoeken hoe het tastzintuig met informatie verzameld door de vingertoppen omgaat, 
hebben we verschillende experimenten uitgevoerd. In hoofdstuk 2 wordt een model voorgesteld 
dat parallel en serieel verwerken van informatie over de vingers beschrijft. Om dit model te 
testen deden proefpersonen drie haptische zoektaken, waarin een doel en één of meerdere 
afl eiders werden aangeboden aan de vingertoppen van gezonde proefpersonen. Ze gaven aan 
waar het doel zich bevond door de desbetreffende vinger op te tillen. Als het doel niet aanwezig 
was, tilden zij alle vingers op. In één experiment was het doel een kruis en de afl eiders cirkels. 
In een ander experiment was het doel een verticale lijn en de afl eiders horizontale lijnen. In 
beide gevallen vonden we een serieel zoekpatroon. In het laatste experiment was het doel een 
horizontale lijn en de afl eiders waren oppervlaktes zonder lijn. In dit experiment vonden we 
een parallel zoekpatroon. We concluderen in dit hoofdstuk dat het model onze data goed kan 
beschrijven.
In een haptische zoektaak zoals hierboven beschreven, wordt per vingertop een object 
aangeboden. De tijd die nodig is om een specifi ek object te vinden hangt over het algemeen af van 
de hoeveelheid objecten die aangeboden wordt, en daarom dus ook met de hoeveelheid vingers 
die gebruikt wordt. Is het het aantal vingers of het aantal objecten wat de zoektijd bepaalt? In 
hoofdstuk 3 deden we een tweede studie waarin horizontale lijn stimuli werden aangeboden 
aan twee, vier of zes vingertoppen. De taak van de proefpersoon was het optillen van de vinger 
waaronder ze geen lijnstuk voelden. In één van de condities werden losse, niet uitgelijnde, 
lijnstukjes aangeboden, zodat het aantal aangeboden lijnstukjes hetzelfde was als het aantal 
vingers wat gebruikt moest worden. In twee andere condities moesten de proefpersonen een 
gat in een rechte lijn vinden. De vingers waren zodanig op de lijn geplaatst dat dit gat precies 
onder een vinger lag. Deze twee condities verschilden in de grootte van het gat. Als alleen het 
aantal lijnstukken belangrijk zouden zijn, zouden de zoektijden hoger worden naarmate je meer 
vingers gebruikt in de eerste conditie met de losse lijnstukjes, maar dit zou niet het geval zijn 
in de andere twee condities. We vonden dat de zoektijd in alle condities steeg naarmate er 
meer vingers gebruikt werden. Echter, deze stijging van de zoektijd was kleiner in de conditie 
waarin één lijn met een gat, groot genoeg voor één vinger, zat. Dus, het aantal vingers bepaalt 
de zoektijd, maar het zoeken wordt effi ciënter wanneer de stimulus kan worden geïnterpreteerd 
als één object.
In het vierde hoofdstuk wordt de invloed van beweging op de waarneming van kleine tast stimuli 
bestudeerd. Twee haptische seriële zoektaken werden gebruikt om te onderzoeken hoe de afstand 
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tussen de objecten en het aantal vingers dat gebruikt werd om ze te scannen, de zoektijden en 
zoekstrategieën beïnvloedden. In beide taken moesten de proefpersonen zoeken naar een doel 
(een kruisje) tussen afl eiders (cirkels). De objecten werden op een rechte lijn geplaatst. De positie 
van het doel werd gevarieerd tussen de verschillende trials en de afstand tussen de objecten 
werd gevarieerd tussen de blokken trials. In het eerste experiment gebruikten de proefpersonen 
hun wijsvinger om de rij met objecten te scannen. Zoals verwacht hing de zoektijd af van zowel 
de doelpositie als de object afstand. Voor de grotere interobject afstand waren de bewegingen 
van de vinger van de proefpersoon schokkerig, overeenkomend met ‘saccades’ en ‘fi xaties’ 
bij oogbewegingen, terwijl bij de kortere afstand de snelheid van de beweging constant was. 
Wanneer we alleen maar kijken naar de tijd in contact met een object, dan zijn de zoektijden 
hetzelfde voor alle afstanden. Ook gingen proefpersonen nooit aan het doel voorbij, de vingers 
bleven stilstaan op het doel. Deze resultaten suggereren dat de proefpersonen de tijd tussen 
de objecten niet gebruikten om informatie over deze objecten te verwerken. Wanneer we deze 
resultaten vergelijken met de resultaten van de studie uit hoofdstuk 2, waar de proefpersonen 
meerdere objecten tegelijkertijd kregen aangeboden, waren de zoektijden in het experiment 
in hoofdstuk 4 iets sneller. Om uit te zoeken of dit effect wordt veroorzaakt door de beweging 
van de vinger of door het gebruik van maar één vinger in plaats van meerdere, vroegen we 
de proefpersonen de wijs-, middel- en ringvinger op 1 lijn te plaatsen en ze gezamenlijk te 
gebruiken om de objecten te scannen. In vergelijking met het eerste experiment is de tijd in 
contact met de objecten langer. Dit toont aan dat het gebruik van meerdere vingers de zoektijd 
vertraagt. Het was dus het gebruik van slechts één vinger wat de zoektijden in dit bewegende 
zoekexperiment sneller maakten dan in het experiment van hoofdstuk 2, waar meerdere vingers 
tegelijk gebruikt werden. De oorzaak hiervan zouden we kunnen zoeken in de tijd dat het kost 
om van de ene naar de andere vinger ‘over te schakelen’, wanneer we iets met meer dan één 
vinger aanraken.
In hoofdstuk 5 werden grotere stimuli gebruikt. Om te onderzoeken hoe goed mensen tactiele 
met proprioceptieve informatie kunnen combineren, hebben we een haptisch zoekexperiment 
uitgevoerd, waarin proefpersonen moesten zoeken naar een cilinder, rechthoek of een gedraaide 
kubus in een grit van kubussen. De eerste conditie die gemeten werd, was het zoeken met één 
vinger. Om een cilinder te herkennen is alleen tactiele informatie nodig. Voor het herkennen van 
een gedraaide kubus is tast alleen niet genoeg, je hebt ook statische proprioceptie nodig (stand 
van de vinger in de ruimte). Om de rechthoek te herkennen heb je dynamische proprioceptie 
nodig (de afstand en richting van de beweging van je vinger). De rechthoek was het moeilijkst 
om te vinden, de zoektijden waren veel hoger dan in de andere twee condities. De gedraaide 
kubus had gelijksoortige zoektijden als de cilinder, maar er werden meer fouten gemaakt. Dit 
suggereert dat het combineren van statische proprioceptie met tast geen extra tijd kost, maar 
wel resulteert in meer fouten. In een tweede experiment konden de proefpersonen hun hele hand 
gebruiken. De exploratietijd voor de rechthoek en de gedraaide kubus was korter dan wanneer 
er maar één vinger gebruikt mocht worden. Voor de cilinder waren de tijden hetzelfde als in 
de één vinger conditie en bovendien waren de zoektijden nu hetzelfde voor de verschillende 
vormen. Het aantal fouten was lager in de hele hand conditie dan in de één vinger conditie. 
Deze resultaten laten zien dat wanneer je een object kunt omvatten met je hand proprioceptie 
geen belangrijke factor meer is. In deze studie hebben we ook nog een conditie geïncludeerd 
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waarbij beide handen gebruikt mochten worden, hierbij vonden we dat de zoektijden ongeveer 
gehalveerd werden, wat er op wijst dat informatieverwerking parallel kan zijn over de twee 
handen.
 Het laatste hoofdstuk (hoofdstuk 6) beschrijft een studie waarin de invloed van vingerconfi guratie 
op het kunnen lokaliseren van een tactiele stimulus werd bestudeerd. Proefpersonen werd gevraagd 
een tactiele stimulus op detectiedrempelniveau, die aan één van de vingertoppen aangeboden 
werd, te lokaliseren. We hebben het aantal en de locaties van de fouten die de proefpersonen 
maakten gemeten in drie vingerconfi guraties: vingers bij elkaar, vingers gespreid en vingers door 
elkaar verweven. We beredeneerden dat als er tactiele receptieve velden zijn die groter zijn dan 
één vinger,  dat er dan minder fouten gemaakt worden wanneer de vingers gespreid zijn dan in 
de andere twee condities. We hebben dit inderdaad gevonden, maar de reductie in fouten was 
niet specifi ek naar de naastliggende vingers. Dit suggereert dat duidelijkere informatie over de 
positie van de vingers tactiele lokalisatie kan verbeteren.
VISUEEL ZOEKEN
De experimenten in hoofdstuk 2 zijn het meest vergelijkbaar met de traditionele visuele 
zoekparadigma´s die gebruikt werden door Treisman en Gelade (1980). In dit paradigma moet 
een doel gevonden worden tussen verscheidene aantallen afl eiders, die worden gepresenteerd 
in het visuele veld van een proefpersoon. Over het algemeen wordt gevonden dat de zoektijden 
langer worden naarmate er meer afl eiders in het visuele veld zijn (serieel zoeken), tenzij het doel 
een zeer specifi eke eigenschap heeft dat de afl eiders niet hebben (parallel zoeken). De seriële 
zoekfuncties die we vonden in de statische zoekexperimenten in hoofdstuk 2 zijn vergelijkbaar 
met die van Treisman en Gelade (1980). Echter, het parallelle patroon dat we vonden bij 
het laatste experiment van hoofdstuk 2 is anders dan datgene wat normaalgesproken wordt 
gevonden in visueel zoeken. In visueel zoeken wordt een zoekfunctie beschouwd als parallel 
als beide functies voor zowel ‘doel aanwezig’ als ‘doel afwezig’ een helling hebben van nul 
(bijvoorbeeld: Brown, Weisstein, & May, 1992; Treisman & Gelade, 1980). In visueel zoeken wordt 
de hoeveelheid objecten in het visuele veld gevarieerd, maar in haptisch zoeken wordt zowel 
de hoeveelheid objecten als de hoeveelheid sensors (vingers) gevarieerd. Dit zou het verschil 
kunnen verklaren tussen visueel en haptisch parallel zoeken. Om dit verder te bestuderen, 
hebben we een experiment ontworpen wat wordt beschreven in hoofdstuk 3. We onderzochten 
of het aantal vingers of het aantal objecten belangrijker is voor de bepaling van de zoektijd. We 
vonden dat het voornamelijk het aantal vingers is dat er voor zorgt dat een zoekfunctie serieel 
is. Het verschil tussen de patronen in visueel en haptisch zoeken kan dus worden verklaard door 
het gebruik van meerdere sensors in haptische waarneming in vergelijking tot slechts één visueel 
veld (of twee retina’s) in visuele waarneming.
De andere haptische zoekexperimenten (hoofdstukken 4 en 5) zijn meer vergelijkbaar aan 
visuele zoekexperimenten waarin oogbewegingen moeten worden gemaakt. In hoofdstuk 4 werd 
onderzocht wat de invloed van afstand tussen verschillende objecten is op zoekstrategieën. We 
vonden dat de vinger in contact moest blijven met het object om het te kunnen verwerken. 
Nadat deze verwerking compleet is kan je het object verlaten en doorgaan naar de volgende 
(hoofdstuk 4). In visueel zoeken is gevonden dat proefpersonen doorgaan naar het volgende 
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object en dan terugkeren naar het object wat ze net gezien hebben, zelfs als ze handbewegingen 
moeten maken om het gezichtsveld te verplaatsen (Hooge & Erkelens, 1996; Liesker, Smeets & 
Brenner, 2007).
TAST EN HAPTIEK
Parallelle en seriële zoektijden zijn blijkbaar bepaald door het gebruik van meerdere vingers 
(hoofdstuk 2 en 3). Òf je moet van de ene naar de andere vinger overschakelen, òf je moet 
wachten tot alle vingers klaar zijn met het verwerken van informatie (hoofdstuk 2). Ook in 
hoofdstuk 4 en 5 vinden we dat vingers òf samen kunnen werken (parallelle verwerking), òf 
interfereren met elkaar (seriële verwerking, met tijdskosten voor het overschakelen van de ene 
naar de andere vinger). Wanneer je objecten aanraakt die groter zijn dan je vingertop is het 
relatief makkelijk de informatie te combineren die van de verschillende vingertoppen afkomstig 
is. Echter, wanneer je kleinere objecten dan je vingertop aanraakt is het veel moeilijker deze 
informatie van de verschillende vingers met elkaar te combineren, wat resulteert in een seriële 
verwerking met tijdskosten voor het overschakelen van de ene naar de andere vinger. Wanneer 
een object groter is dan de vingertop kan proprioceptie helpen in het herkennen van dit object 
(hoofdstuk 3 en 5).
Deze conclusies komen overeen met studies naar de anatomie van de somatosensorische cortex 
I en II (SI en SII), die in de introductie genoemd zijn. In SI bevinden zich gebieden waarin elke 
vinger een eigen representatie heeft (Kurth et al, 2000), dus een (laag niveau) onderscheid tussen 
twee objecten is mogelijk in SI. Of deze objecten serieel of parallel verwerkt worden, hangt af 
van de eigenschappen van deze objecten (Lederman & Klatzky, 1997). Wanneer de objecten die 
aangeraakt worden groter zijn dan de vingertop, zijn er meer vingers nodig om het object te 
herkennen. Herkenning waar proprioceptie voor nodig is moet plaatsvinden in SII, omdat er daar 
gebieden zijn waarin de stand van de handen de representaties van de vingers kan veranderen. 
Ook zijn er overlappende receptieve velden over de vingers aanwezig in SII (Hamada & Suzuki, 
2005; Simoes et al., 2001). We vonden in hoofdstuk 6 dat deze overlappende receptieve velden 
niet gebruikt worden voor het lokaliseren van simpele tactiele stimulaties op de vingertoppen, 
dus blijkbaar zijn deze localisaties al in SI gemaakt.
HET ZOEKEN NAAR EEN PEN
Om terug te keren naar het voorbeeld van zoeken naar je pen: volgens hoofdstuk 2 is het 
moeilijk om ruimtelijke eigenschappen in parallel te verwerken, behalve wanneer maar één 
vinger een stimulus voelt. Het aanraken van meer dan één object met één hand kan in die zin 
het zoekproces een stuk gecompliceerder maken. Aan de andere kant, wanneer je één pen met 
meerdere vingers aanraakt, versnelt dit het herkenningsproces (hoofdstuk 3). Wanneer er genoeg 
ruimte is in je tas om je vingers over de pen te bewegen, helpt het je om informatie te krijgen 
over de vorm van het object (hoofdstuk 5). Echter, het versnelt niet persé het verwerken van 
ruimtelijke eigenschappen van een object (hoofdstuk 4). Wanneer je je hele hand gebruikt zodat 
je de pen kunt omvatten dan hoef je geen rekening te houden  met proprioceptie en kun je de 
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vorm op tast voelen (hoofdstuk 5). Als je twee keer zo snel wilt zijn dan wanneer je één hand 
gebruikt, moet je twee handen gebruiken. Het verwerken van de informatie van twee handen 
gaat namelijk parallel (hoofdstuk 5).
AFSLUITENDE OPMERKINGEN
We weten nu iets meer over de manier waarop mensen in de haptische modaliteit hun omgeving 
scannen en hoe informatie, verzameld door de vingertoppen, wordt verwerkt in één of meerdere 
percepten. Echter, er zijn veel meer interessante factoren waar je naar zou kunnen kijken. 
Bijvoorbeeld, in dit proefschrift heb ik alleen maar naar verschillende ruimtelijke eigenschappen 
van objecten gekeken, maar ik heb geen rekening gehouden met andere eigenschappen, zoals 
het soort materiaal. Het zou veel makkelijker kunnen zijn om een metalen pen tussen houten 
pennen te vinden dan een plastic pen. Het verwerken van andere vormen van tactiele informatie 
kan erg verschillend zijn van het verwerken van ruimtelijke informatie.
Het vasthouden van verschillende objecten in één hand zou ook nog onderzocht kunnen worden. 
Hoe kun je voelen dat je meerdere objecten in je hand hebt in plaats van maar één? En hoe 
kunnen de verschillende informatiebronnen van je hand gecombineerd worden om meerdere 
percepten te krijgen? Hoe herken je de verschillende objecten die je vasthoudt?
In het dagelijks leven kom je bijna nooit in de situatie dat je iets moet zoeken in de complete 
afwezigheid van visuele informatie. Wanneer je een pen zoekt in je tas, is visuele informatie nog 
steeds aanwezig, ook al is het niet relevant. Kan deze niet relevante informatie je helpen in het 
weten waar je hand is?
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